Department of Energy
Oak Ridge Operations
Weldon Spring Site
Remedial Acticn Project Office
Route 2, Highway 94 South
St. Charies, Misscurn 63303

December 4, 1990

Addressees:
AQUIFER CHARACTERISTICS DATA REPORT

This Aquifer Characteristics Data Report (ACDR) presents the
results of investigations designed to physically characterize the
hydrogeologic regime of the uppermost bedrock formation beneath
the Weldon Spring Site chemical plant, raffinate pits, and
vicinity properties (WSCP/RP/VP). Specifically, this report
presents the results of slug tests and pumping and tracer
testing. Slug tests and pumping tests were conducted as elements
of hydrogeologic investigations sampling (MKF and JEG 1988b).
Tracer tests were performed to complement physical aquifer
characterization with respect to effective porosity and
dispersivity.

The ACDR constitutes a portion of the Weldon Spring Site Remedial
Action Project (WSSRAP) characterization program désigned to
support the Remedial Investigation/Feasibility Study (RI/FS)
under the Comprehensive Environmental Response, Compensation and
Liability Act (CERCLA).

If you have any questions please call Ken Lawver at
(314)441-82978.

Sincerely,

A T e

Stephen H. McCracken
Project Manager

Weldon Spring Site
Remedial Acticn Project

Enclosure:
As stated



DISTRIBUTION LIST

The Honorable Gerald Ohlms (w/o encl.)
Presiding Commissioner

St. Charles County Courthouse

118 North Second Street

St. Charles, Missouri 63301

Mr. Dan Wall (3 copies)

Superfund Branch

U.S. Environmental Protection Agency
Region VII

726 Minnesota Avenue

Kansas City, Kansas 66101

Mr. Steve Iverson, Project Manager
Superfund Branch

U.S. Army Corps of Engineers
Kansas City District

601 East 12th Street

Kansas City, Missouri 64106
-ATTN: CEMRKED-TD

Mr. Karl J. Daubel
Environmental Coordinator
Weldon Spring Training Area
7301 Highway 94 South

St. Charles, Missouri 63303

Mr. Ali Alavi

Project Manager

U.S. Army Toxic & Hazardous Materials Agency
ATTN: CETHA-IR-A

Building E4435

Aberdeen Proving Ground, Maryland 21010-5401

Mr. Dan Bauer

U.S. Department of Interior
Geological Survey, Mail Stop 200
1400 Independence Road

Rolla, Missouri 65401

Dr. David E. Bedan (3 copies)

Division of Environmental Quality
Missouri Department of Natural Resources
Post Office Box 176

Jefferson City, Missouri 65102




Mr. William Dieffenbach, Supervisor
Environmental Services

Missouri Department of Conservation
Post Office Box 180

Jefferson City, Missouri 65102-0180

Mr. Daryl Roberts, Chief

Bureau of Environmental Epidemiology
Missouri Department of Health

Post Office Box 570

Jefferson City, Missouri 65102

Mr. W.E. Murphie, EM-423

Decontamination and Decommissioning Division
Office of Environmental Restoration

U.S. Department of Energy

19901 Germantown Road

Germantown, Maryland 20545

Mr. William Adams, EW-90 (w/o encl.)

Acting Assistant Manager for Environmental Restoration &
Waste Management

Oak Ridge Operations Office

"U.S. Department of Energy

Post Office Box 2001
Oak Ridge, Tennessee 37831-8541

Mr. Peter J. Gross, SE-31 (3 copies)

Director of Environmental Protection Division
Oak Ridge Operations Office

U.S. Department of Energy

Post Office Box 2001

Oak Ridge, Tennessee 37831-8738

Mr. J.D. Berger

Oak Ridge Associated Universities
230 Warehouse Road

Building 1916-T2

Oak Ridge, Tennessee 37830

Kisker Road Branch

St. Charles City/County Library
1000 Kisker Road

St. Charles, Missouri 63303

Spencer Road Branch

St. Charles City/County Library
425 Spencer Road

St. Peters, Missouri 63376



Mr. Robert Shoewe, Principal
Francis Howell High School
7001 Highway %4 South

St. Charles, Missouri 63303

Kathryn M. Linneman Branch

St. Charles City/County Library
2323 Elm Street

St. Charles, Missouri 63301

Administrative Record (2 copies)
MK-Ferguson Company

7295 Highway 94 South

8t. Charles, Missouri 63303

Mr. Park Owen (2 copies)

Remedial Action Program Information Center
Oak Ridge National Laboratory
Martin-Marietta Energy Systems, Inc.

Post Office Box 2008

Oak Ridge, Tennessee 37831-6050

Distribution (2 copies)

Qffice of Scientific and Technical Information

U.S. Department of Energy
Post Office Box 62
Oak Ridge, Tennessee 37830

Dr. Margaret MacDonell (3 copies)

Energy and Environmental Systems Division
Argonne National Laboratory

9700 South Cass Avenue, Building 362
Argonne, Illinois 604389

Mr. Stanley M. Remington
Consulting Hydrologist

2524 Westminister Drive

St. Charles, Missouri 63301

Dr. John Oldani

Francis Howell High School
7001 Highway 94 South

St. Charles, Missouri 63303



T T G MM T a2

DOE/OR/21548-122 '
CONTRACT NO. DE- ACUE—BEDFIE‘!E#&

AQUIFER CHARACTERISTICS DATA
REPORT FOR THE WELDON SPRING
SITE CHEMICAL PLANT/RAFFINATE
PITS AND VICINITY PROPERTIES

For the
Weldon Spring Site Remeadial Action Project

- Weldon Spring, Missouri

Praparad by MiGCFarguson Company and Jagche Englnseding Group

NOVEMBER 1990 REV. 0

U.S. Department of Energy
Qak Ridge Operations Office
Weldon Spring Site Remedial Action Project




1115480

Printed in the United States of America. Available from the
National Technical Information Service, NTIS, U.S. Department of
Commerce, 5285 Port Royal Road; Springfileld, Virginia 221461

NTIS Price Codes - Printed copy: A06
Microfiche: AQL

aquifar/ide/of



111290
DOE/OR/21548~122

wWeldon Spring Site Remedial Action Prolject

Aquifer Characteristics Data Report for
The Weldon Spring Site Chemical Plant/Raffinate Pits
and ¥icinity Properties

~ November 1330 -

Reviasion O

Prepared by

ME-FERGUSON COMPANY
and
JACOBS ENGINEERING GROUP
72%5 Highway 94 South
St. Charles, Miasouxi 63303

Prepared for
0.5. DEPARTMENT OF ENERGY

(ak Ridge Operations Office
Under Contract DE-ACOS5=-B60R21548

aquifar/idniiof




1116490

RBSTRAET.;

This report deecribes the procedures and methods used, and
“presents the results of physical testing performed, to
characterize the hydraulic properties of the shallow
Mississippian~-Devonian aquifer beneath the Waldon Spring chemical
plant, raffinate pits, and vicinity properties. The aquifer of
concern 1= composad of saturated rocks cof the Burlington-Eeokuk
Limestone which constitutes the upper porticn of the .
Migsissippian-Devonian aquifer. This aquifer is a heterogenecus. -
anisotropic medium which can be deacribed in terms of diffuse
Darcian flow overlain by high porosity discrete flow zones and
conduitg. Average hydraunlic conductivity for all wellas testad is
9.6E-02 meters/day {3.1E-01 feet/day). High hydraulic
" conductivity values -are- representative of discrete flow in the
fractured and weathered zones in the upper Burlington-Keokuk
Limestone, They indicate heterogeneities within the
Mississippian-Devonian aguifer. Agquifer heterogeneity in the
horizontal plane is believed to be randomly distributed and is a
function of fracture spacing, solution veoids, and preglacial
weathering phencmena. Relatively high hydraulic conductivities
in deeper portions of the agquifer are thought to be due to the
presence of widely spaced fractures.

Pumping tests conducted in the upper 12 metexrs (39 feet) of
. gsaturated bedrock provided. values for transmissivity which ranged
“ifrom 0.19 to 0.49meters®/day {15.5 to.39.9 gallons per
day/foot). The average storativity determined from pumping tests
is 4.9E-04. Results of pumping testa indicate a primary lateral
anisotropy and poor hydraulic communication between pumped :
intervals and deeper portione of the Burlington-Keokuk Limeatone..
This suggests that appreciable upward leakage 1s unlikely from
deeper portions of the aguifer to the test interval. Limited
evidence of delayed yield may indicate double porcsity effects.

Groundwater valocities average l1,1E-01 meters/day (3.6E-01
- feet/day). Calculated groundwater velocities and travel times
are coneistent with observed contaminant distribution, although
actual flowpaths are expected to exhibit nonlinear aspects
regulting in significant variations in velocity.

Pumping and tracer :tests did not intercept free flow zones,. |
or conduits capable of supplyving sustained poampage in excess of.-
1.5 liters/minute (0.4 gallons/minute). Howsver, slug testing-
indicates the existence of randomly distributed high porosity
zonas in the upper sgaturated portion of the formation.

Additional pumping tests in these locations would provide
information on discrete flow properties.

aquirerfiga/dcr ' ii
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1 INTRODUCTION

. This Rquifer. Characteristics Data Report . (ACDR).presents.the.
results of investigations designed to physically characterize the
hydrogeologic regime of the uppermost bedrock formation beneath.
the Weldon Spring Site chemical plant, raffinate pits, and
vicinity properties (WSCP/RP/VP}. Speéifically, this report -
presents the results of slug tests and pumping and tracer
testing. Slug tests and pumping tests were conducted as elements
- of ‘hydrogeologic.investigations sampling {MKF and JEG 1588b).
Tracer tests were performed to complement physical aguifer
characterization with respect to effective porogity and
dispersivity.

The ACDR constitutes a portion of the Weldon Spring Site
Remedial Action Project (WSSRAP) characterization program
designed to support the Remedial Investigation/Feasibility Study
- (RI/PS) under the Comprehensive Environmental Response,
Compensation and Liability Act (CERCLA).

1.1 Site Description

The chemical plant and raffinate pits are is located in St.
Charles County, Misscuri, approxzimately 48 km {30 mi) west of St.
‘Louis and 23 km (14 mi) southweat of 5t. Charles as shown in
" Figure 1-1. The sgite is situated on Missouri State Highway 94
about 3 km {2 mi) scuthwest of the junction of Highway 94 with
U.5. Routes 40 and &€1. The site is surrounded by State and .

- Federally owned lands. It - is adjoined:on:the west by the Weldon.. .
Spring Training Area (WSTA) and on the east, north, and south by
Missouri Department of Conservation (MDOC) lands.

aquirer/jodijar 1
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The community of Welden Spring, with a population of
- approximately 700, is located approximately 3 km (2 mi) north of
- the Weldon Spring site (WSS). The metropolitan area.of St. '
Louis, with a population exceeding 2.5 million, is within 48 km
(30 mi) of the site, '

1.2 BSite History

The site history, including previous decontamination efforts

;. from 1941 to 1987, is summarized below. A more detailed history

of WSS operations. is included in the WSSRAP Remedial
Investigation/Feasibility Study Work Plan (ORNL 1988).

The land encompassing the W8S was privately held until April
1941 when the Department of the Army (DA) acquired 6,974 ha
(17,232 ac) of land. From November 1941 through January 1944,
-Atlas Powder Company cperated a trinitrotcluene (TNT) and

<0 dinitrotoluerne {DNT];explasivés production- facility known as the

Waldon Spring Ordnance Works (WSOW). After another production
operation during 1945 and 1946 the WSOW was closed in April 1946
and declared surplus tc Army needs. Bf 1949, all but
approximately 809 ha (2,000 ac) had been transferred back to the
State of Missouri {Aungust A. BPusch Memorial Wildlife Area)} and
the University of Missouri (agricultural land). Except for
saveral small parcels of land transferred to St. Charles County,
. the remaining property became the WSTA.

Through a Memcrandum of Understanding between the Secretary .

- of the Army and the Atomic Energy . Commission {AEC).-in May 1955}*fﬁ;

83 ha (205 ac) of the former WSOW were transferred to the AEC. for
the construction and operation of the Weldon Spring Uranium Feed
Materials Plant (WSUFMP) to process uranium and thorium ore-

aqui tar/ed jof 3
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‘concentrates. Thé DA decontaminated a considerable portion of
‘the WSOW bhefore construction of the WSUFMP commenced (DA 1976).

The WSUFMP processed uwraniom and thorium ore concentrates
from 1957 to 1966 with the Uranium Divieion of Mallinckrodt
Chemical Horks'acting as the AEC operating contractor. This
facility congisted of 13 majer process buildings and L
approximately 30 support structures. The AEC closed the WSUFMP
in December 196G.

On Aaugust 7, 1967, approximately 67 ha (l66 ac) of the AEC
facility were selected as the site for a herbicide production
facility, later known as the Weldon Spring chemical plant (WSCP).
The remaining 2l-ha (5l-ac) area, encompassing four process waste
lagoone called the Weldon Spring raffinate pits (WSRP), remained
under AEC contreol. Figure 1-2 is a site plan of the WSCP and
WSRP. On December 31, 1967, &7 ha (166 ac) of property and
- improvements were transferred.to,the Kansas City District, U.S.
Army Corps of Engineers, which was responsibla for the design and
construction of the herbicide facility.

Pecontamination -and dismantling operations were initiated in.

January 1968. Some progress was made in the decontamination of
areas required for herbhicide production equipment before the
project was cancelled in February 1969. This cancellation was
due in part to costs required to comply with the radiolegical
-contamination limits . imposed on the facility and in part to a
reduction of the DA’s requirements for herbicide.

The herbicide project wase cancelled hefore any production -

equipment was installed. However, the DA retained responsibility
for the land and facilities at the WSCP.

nqulfecscaldor q
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The AEC contracted with National Lead Company .of Ohio (NLO)
to visit the WSRP periodically for environmental monitoring and |
-to maintain-the pit embankments and perform maintenance and
survelllance tasks as necessary. Bechtel National, Inc. (BNI)
assumed management responsibility for the WSRP from NLO in
Octoker 1981 under contract to.the U.S5. Department of Energy
(DOE) which succeeded the AEC,

In November 1984, the U.5. Department of Energy (DOE) was

‘. directed by tha O0ffice of Management and Budget to assume custody

and accountability for the WSCP from the DA. This transfer
ogocurred on October 1, 1985.

In February 1985, the DOE proposed designating contrel and
decontamination of the WSS as a major project. Designation was
effected by DOE Order 4240.1E dated May 14, 1585. A Project
Management Contractor {(PMC) for the WSSRAP was selected in
- February 1986./ . In. July 1986, a DOE Project Dffice was
egtablished on site. The PMC, ME-Fergquson Company, assumed
control of the WSS con October 1, 1986.

agoifardad ot &
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2 ‘' GEOLOGIC SETTING

Thie section presents background information on the regional:

and local geulugy'bﬁsed on Iinformation available from published
reports, rasults of previous investigaticns, and data derived
from Project Management Contractar (PMC) investigaticons.

2.1 Regional Physiography and Geology

Tha site lies at the Euuthérn edge of the dissected till

.plains aof the Central Lowlanda Physiographic Province, which is

characterized by gently rolling hills in upland areas (ORNL
1988). ' South cof:the site, the topography changes dramatically as
the dissected till plains give way to naxrow ridges and valleys
which characterize the Ozark Plateau Physiographic Province. The
surface drainage divide between the Miasissippi River to the
north and the Missouri River to the south bisacts the site fraom

‘southwest to northeast.

The stratigraphy in the Weldon Spring area is composed of
approximately 610 to 915 m (2,000 to 3,000 ft) of Paleozoic Era
maring limestone, dolomite, sandstone, and shale. A detailed |
description of regional stratigraphy is given by BNI (1987) and
MKF and JEG (1989b). The bedrock in the Weldon Spring area
exhibits a regional strike of N601°W and a regional dip of
approximately 1° to:the northeast. Due to vertical erustal
movements during the Paleozoic Eia, rocks of the Central Stable
Regicon, of which Missouri is a part, were deformed into broad

basgins and arches {Eardley 1951). The closest of these features, .
the northwest trending House Springs-Eureka anticline, is located

about 6 km (4 mi) southwest of the site. The rocks on the
northeast limb of the fold strike approximately N60°W and dip

"approximately 0.5° to 1° to the northeast,

armd far/jed Aot 7
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. ~Geologic mapping of the Weldon Spring 7.5-minute gquadrangle
by the Missouri Department of Natural Resources Division of '

‘Geology and Land Survey (MDNR-DGLS) shows an east-west trending |

"normal fault located approximately 1.6 km (1 mile) north of the
aite. The fault is reported to display approximately 18 m (60
ft) of vertical displacement with the north block down (Whitfield
et al. 198%). '

2.2 Geology of the Weldon Spring Chemical Plant, Raffinate
" Pits, and Vicinity Properties

The Weldon Spring Chemical Plant/Raffinate Pits/Vicinity
.Properties (WSCP/RP/VP) extend over several distinct geologic
unita that are pertinent to this study. There are several
distinguishable overburden units and two units in the uppermost
bedrock. The following subsections describe tha principal '
geclogic units kased on information contained in the Geaovlogic

¢ .Feport-on.Weldon Spring Raffinate Pits Site (BNI 1984),

Hydrogeological Characterization Report for Weldon Spring
Chemical Plant (BNI 1987), and the Draft Remedial Investigation
Report (MR-F and JEG 1989b).

2.2.1 Geology of Unconsolidated Material

Unconsolidated surficial mataerials at the site are compoesed
of £ill material, losess, interglacial sediment, glacial tills,

and residuum. The thickness of the surficial units ranges from 5

to 18 m (15 to 60 ft) and is controlled both by surface erosional

. features and bedrock topography. The unconsalidated units are. . ..

generally thickest in the north central pnftian and thinnest in

the eastern third of the site. The usnconsclidated materials have.

been divided into six distinguishable units based on physical

aqui far/jod/ ot 8

R L



1116480

characteristics observed Huring-sampling'and laboratory testing
. {ME~-F and JEG 1389b).

2.2.1.1 Topsoil/Fill

~ The uppermost soll unit ie composed of topsoil or fill
material. This unit ranges up to 9 m (30 ft) in-thickness. The. .
topsoil fraction is widespread on site and ranges up to 1 m
{3.5 ft) in thickness. "It is ‘generally a black, organically rich
“.clayey=g3ilt to silty-clay. The £ill portion of the unit wvaries
graatly in thickness because of its use as construction material
for the raffinate pit dikes and Ash Pond dike, and recontouring
of low areas ﬁrior to constructicn of buildings. The fill
composition waries but is primarily clayey silt which is believed
to have originated on or near the site.

2.2.1.2 Loess

Underlying the topsoil/fill unit is an upper Pleistocene
lecess unit that is distributed sporadically on the site due to
pre-depositional topography, post-depositional erosion, and
extensive reworking of site soils during site preparation and
construction. Subsurface data indicate that the loess ranges up
teo 3 m (10 ft) in thickness. The unit is a low plasticity silt
to ciayey gilt with very ninor amounts of sand.

'2.2.1.3 PFerrelview Fnrma;iom

A mid-Pleistocene interglacial sediment interpreted as being. -
the Ferrelview Formation underlies the loess and is present
across most of the site. The Ferrelview is described in detail
by Howe and Helm (1968). The unit ranges np to 6.5 m {22 ft) in
thickness and consists of a mottled gray and dark yellowish- - -
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. orange Bilty—clﬁy to clayey-silt. The unit is generally etiff
.and plastic. Iron oxide nodules and manganese oxide (pyrolusite)

B ot o L S

precipitates are common. The unit commonly displaye slickensides.

-.ag a result of post-depositional compaction and consolidation. . .

Alsc, irregular blocky fractures are sometimes encountered which. .

continue through the underlying clay till. . Blocky fractures are
described as tight dry features which are often coated with
calcium or manganese minerals of a powdery or concretionary
nature., Laboratary tests for particle asize distributicn indicate

- mostly silt--and clay-sized particles in this unit with minor

sand and fine gravel (MK-F and JEG 1%85b).
2.2.1.4 Clay ?ill

The clay till unit is a lower Pleistocene glacial till which
underlies the Ferrelview Formation and is the most areally

extensive overburden unit on the site. The clay till ranges in
-thickness to .9 m (30 ft). and is found in almost all boreholes and
" trenches on site. This unit is composed of yellowish-brown '

silty-clay and clayey-silt with some sand and rounded pebbles of
chert and igneous and metamorphic detritus, Material in this
unit is very stiff and moderately to highly plastic. Blocky
fractures coated with pyrolusite are abundant.

2.2.1.5 Basal Til1l

The basal till unit is the loweet member of the Pleistocens
glacial till sediments found on the site.. It underlies the clay
till and is found mainly on- the western and north central

portions of the site. Deposition of the basal till unit may have

been influenced by bedrock topography since the unit is generally

-thin or ebsent in areas of higher bedrock elevations, and is
- thicker where bedrock elevations are lower. The basal till

aquifer/odaf 10
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ranges in thickness up to 3 m {10 ‘ft) and can generally be

described as a ysllowish-brown sandy, clayey, silty-gravel with

B

angular chert in a. poorly bound matrix.
2.2.1.6 Regiduoum
The residuunm unit is located beneath the basal till and -clay

till unit where the basal till is absent. The resgsidoum forme the
base of the unconsolidated material and is interpreted to be a

-t pre-Pleistocene weathering. product of the underlying cherty

argillaceouns limestone, The unit varies in thickmness up to 8 n
(26 ft) and is highly héterngananus, ranging from a typically
gravel dominated:matrix to a gravelly-clay to gravelly-silt. The
gravel fraction is generally weathered chert fragments but also
consists of minor weathered limestone. Sample recovery in this

-unit is very difficult due to the large gravel fraction. As
~ such, the unit is hard to characterize without using in situ

methods.
2.2.2 Bedrock Geology

The uppermost bedrock unit at the Weldon Spring site (WSS) - -
ia the Burlington- Keokuk Limestone. Thie is a fine- to coarse-
grained, thinly to massively bedded argillacecus to cryetalline
limestone containing abundant chert as nodules and beds. From
borehole stratigraphic data, the formatjon has been divided into

two units based primarily on weathering characteristics. The -

upper division is referred to as the weathered limestone portion,
and the lower division is referred to as the competent limestone. -

Roberts (1551) reported two major joint sets present within

"the exposed bedrock in the Weldon Spring area; one set trends

between N30 and H65°W and the other set trends H30°E to N72°E.

aguiforfjeds o 11
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Subsequent regional and'site—apecific joint studies have
.generally confirmed these orientations (BGA 1984, MK-F and JEG

1587 and 1988b). Bedrock topography exhibits erosional features.-
" interpreted as paleochannels, which coincide with observed joint ..

set orientations (MKF and JEG 1989b). - Additionally, present-day
drainages within the Missouri River watershed are incised into

" bedrock and exhibit strong linearity coincident with Joint set = -

trends. Drainage trends within the Missiasgippi River watershed
are more sinuous than those in the Missourl River watershed and
*do” not. exhibit linearity due.to the presence of overlying,
unconsolidated sediments.

2.2.2.1 Weathered Limestone

The weathered limestcone ranges in thickness from 3 to
greater than 15 m {10 to greater than 50 ft), and is typically a
graylah-orange to yellowish gray, argillaceous limestone,

. commonly containing. as: much as 60% chert.as nodules and

" jnterbeds. Minor interbeds of fossiliferous, finely crystalline
- limestone occur near the top of the unit in socme cores. The unit
is moderately to highly fractured, slightly to severely
weathered, with abundant iron oxide staining and manganese oxide
in the rock matrix and along fractures. BSolution features are
gquite common in this unit, ranging from pinpoint vugs to small
cavities up to 1.5 m (5 £t} in diameter (BNI 1987). Many of the
~-smaller vugs are lined with calcite and drusy to eunhedral qnarﬁz.
‘The larger cavities in many cases appear toc be at least partially
filled with clay or silt/clay/chert/gravel mixtures. Thesa
‘cavities are generally reported as core.loss in: the boring.logs..
In same locaticns, recognition of top of bedrock was hindered . due
to alternating rock and clay-rich zones at or near the bedrock
surface. Rock quality designations (RQD} are generally poor to
very poor indicating a high degree of fracturing and/or -
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weathering. Core samplesﬁfrum angled boreholes indicate that
fracturing in the weathered limestone is predominantly horizontal
-and loosely epaced, typically. cccurring along.shaley interbeds, ..
‘bedding planes, or chert interbeds {ME-F and JEG 1990b}.
Mineralization and clay deposition along fractures . is. common. .

2.2.2.2 Competent Limestone

Underlying the weathered portion cof the Burlington-EKeckuk
:Limestone -is -the competent limestone, which is thinly to
massively bedded, gray tc light gray, finely tc coarsely
crystalline, stylolitic, and fossiliferous. The rock is slightly
weathered to fresh, cuntaiﬁing 20% to 40% chert. Cored material
shows very little iron oxide staining and exhibits unaltered
pyrite on some fracture sorfaces. Both horizontal and vertical
fracture densities are Bignificantly lower in the competent
limestone than in the weathered limestone (MK-F and JEG 1930b).

aquiferficd/Jof 13
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3 . HYDROGEOLOGIC. SETTING

This section presents background infeormation.on regicnal and.-
‘local hydrogeclogy based on information available. from published .
repcrte, results of previous investigations, .and. Project
Management Contractor (PMC) derived data.

3.1 REGIONAL HYDROGEOLOGY

Three principal aquifer systems have been identified in the
Weldon Spring area. These.ars the alluvial agquifers, the shallow
bedrock aquifer system, and the deep bedrock aquifer system.
Additionally, a leaky confining unit is recognized (Kleeschulte
and Emmett 1987).

The major alluvial aquifers in western St. Charles County
-consist of saturated sanda, gravels, and silts which compose the

-~ alluvium of the Missouri ‘River and Misgissippl River floodplains

{(Kleeschulte and Emmett 19846). Yields to wells from these
aquifers range up to 9,800 1lpm (2,600 gpm) aleng the major rivers
{BNI 1987). ' Recharge tc the alluvial aquifers occurg from
infiltration of precipitation, increases in bank storage due to
flooding, and as underflow in the form of ragiﬁnal discharge from
bedrock aguifers. Fluvial recharge may alsc be induced in some
lecations dus to pumping of large-capacity wells near the

. Missouri River (Kleeschulte:and .Emmett. 1985).

The shallow bedrock agquifer system is composed of saturated

" Migsissipplan and Devonian aged rocks which range. from 76 to ... . ..
197 m (250 to 650 ft) in thickness and compose the uppermost
bedrock units in the area. These units correspond to the
‘Mississippian-Devonian aquifer system as depicted. in Figure 3-1.. .

aquifer/icalioL 14
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In the Weldon Spring area the:Mississippian-Devonian aquifer

- .-gystem includes formations from the Burlington~-Eeokuk Limestone
- through the lower part of the Sulphur Springs Group. . Reported. . -
"ylelds to wells from this agquifer range from less than 4 lpm to. -

150 1lpm {1 gpm to 50 gpm) (BNI 1987), but typically are from

"19 lpm to 55 lpm (5 to 15 gpm). The higher yield wells are those

that intercept zones of extensive secondary poresity such as
joints and solution cpenings. The Mississippian-Davonian aquifer
system is recharged by direct infiltration of precipitation along

' . fractures and bedding.planes-in outcrop areas, unsaturated flow

through unconsclidated overburden, and losing stretches of
streams encounter hedrock joints. Discharge occurs as aprings,
seeps, evapotranspiration, underflow to the deeper portions of
the bedrock under downward hydraulic gradient conditions, and as
water supply wells are pumped {Klesschulte and Emmett 1986). .

Examination of potenticmetric data from the Weldon Spring

.. area’ by Klesschulte and Emmett (1987) indicates that a

groundwater divide runs bencath the trend of the ridge which
divides surface water drainage betwaeen the Misaouri and
Misgiesippi watersheds. '

A leaky confining layer is present below the Mississippian-
Devonian agquifer from the top of the Maguoketa Shale down through
the Joachim Dolomite. These units correspond to the Ordowvician
leaky confining unit as. depicted in Figure 3-1. Individoal units
or zones within the leaky confining layer may yield low to
moderate amounts, 40 to 1%0 lpm (10 te 50 gpm), of potable water
on a local basis..  The .confining-sequence is approximately 121 m-..
{400 ft} thick (Kleeachulte and Emmett 1988).

aquifar/iad/af 16
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The Ordovician-Cambrian aguifer system is approximately
305 m (1,000 £t) thick and consists of Ordoevician and Upper
Cambrian formatfons, which include the 5t., Peter Sandstone _
: through the Potosi Deolemite {(Kleeschulte and Emmett 1987). These- .
-unite correspond to the QOrdovician-Cambrian aquifer system as
depicted in Figure 3-1. Yields from this agquifer range from 40
to 1900 lpm (10 to 500 gpm) (BNI 1987). Recharge to the
Ordovician-Cambrian aquifér occurs primarily as direct
infiltration of precipitation where the Ordovician units outcrop
-+ southwest-of: the Weldon Spring araa. Additionally, recharge
occurs where losing stretches of streams penetrate the aguifer
near the outcrop area, and as underflow from superjacent agquifers
under conditions  of downward hydraulic gradient, Discharge from
the Ordovician~Cambrian agquifer occurs principally as underflow
to the alluvial and Hississippianunavnnian aquifers under upward
hydraulic gradient conditions, and as evapotranspiration and
seepage to springs and streams where the aquifer crops out.

3.2 Hydrogeclogy of the Weldon Spring Chemical Plant/Raffinate
Pits/Vicinity Prupertics

The following subsections provide background informaticn
about the hydrogeologic regime at the Welden Spring site (WSS)
based on information availakle from previous investigations.

. 3.2.1 .Surface Water/Groundwater Interaction
Spring and seep surveys, seepage runs, and dye trace and
water trace studies have bean conducted in the area around the .

WSS by the Missouri Department of Watural Resources (MDNR) and
U.S8. Geclogical Survey (USGS).

aqui farfjcd/jof 17
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The locations of known springs and seeps within warious

tributary drainage basins are.shown on Figure 3-2. Springs in

-the vicinity of the site vary from emall seeps. at badrock and -
" ¢lay interfaces to solution enlarged bedrock conduits and
fractures having flow rates of 750 lpm (200 gpm) or more during
precipitation events, ‘Some of the springs are wet weather
springs, flowing only in response to significant rainfall events.
Wet weather flow may be quite heavy, but is usually of short
duration (MKF and JEG 1588b).

Several tributaries around the WSS have losing segments
which have been identified by the MDNR (Dean 1983, 1984a, 1984b,
and 1985) and the USGS {Kleeschulte and Emmett 1986; Kleeachulte:
et al. 1986). The results of dye trace studies conducted by the
MDNR in the 6000-series drainages (Misaissippi River Basin)
‘indicate a probable subsurface connection between the unnamsd
tributary of Schote Creek that drains Aeh Pond and the raffinate
v pitareas~and the Burdgermeister Spring area. Results of dye
trace studies conducted by the MDHNR in the 5000-series drainages
{(Missouri River Basin) indicate that a groundwater divide exists
north of the area, and water lost to the streambed in the
southeast drainage easement stays within the drainage boundary. -
Furthermore, at least scme of the flow lost in the upper reaches
of the southeast drainage easement re-emerges through springs in
the lower reaches (MDNR 198%).

3.2.2 Unconsolidated Materials

The uncensclidated materials at the site are, for the most
part, unsaturated. Unsaturated flow ie present locally as a
.result of direct infiltration, leakage from on-site storm water,
seewer and water lines, and leakage from the raffinate pits.
Saturated conditions also exist due to moundaed. and perched
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groundwater. Mounded conditions are apparent beneath the
:raffinate pite due to leakage. Perched conditions oncour where
leakage or infiltration accumulates over low permeability clay- ..
rich horizone and in discrete permeable lenses.

Hydraulic conductivities and molsture. content wvalues of - . ..
" unconsalidated materiale as determined by laboratory methods ares .
presented in the site Remedial Investigation (RI) report (MKF and
JEG 1989%b). The saturated hydraulic conductivity values are

~~generally quite low. . §lug:tests were performed by the PMC in

March 1987 on wells that monitor seasonally saturated portione of
the clay till unit in the vicinity of the raffinate pits. Tha
results of these tests indicate an average saturated hydraulic
-conductivity of 1.0E-05 m/d (3.4B-05 ft/d) for the clay till unit
(Allan 1987). This value agreeos wall with laboratory test
reaults presented in the site RI zeport (MEF and JEG 1589b).

Ten lysimeters are currently in. place at three. locations
arcund the perimeter of the raffinate pits, The locations of the
lysimeters are indicated in Figure 3-3. Lysimeters LY-3604, LY-
3605, LY-3606, and LY-3607, located north of Raffinate Pit 3,
monitor silty zones over clay layers. Soil moisture from this
location is considered to be leakage from Raffinate Pit 3 due to
the @levated concentrations of nitrate, sulfate, and total
uranium detected in samples from that location. Lysimeters LY-

- 3608, LY-3609,. and LY-3610 are located near the northwest corner
.of Raffinate Pit 1. Lysimeter LY-3609 and LY-3610 have not
detectad any moisture since installation, although they maintain
-a vacuum. A sample taken from LY-3608 indicates that near
surface moisture (1.7 m (6 ft) below ground surface) is leakage
from Raffinate Pit 1 due to the high concentration of nitrate.
Lysimeters LY-3601, LY-3602, and LY-3603 are located at the base
of the west.berm of Raffinate .Pit 4 near a small seep. Analysis

aqud fwr/jedijot 20
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cf the seep water and soil moisture sugjast that thie seep is a

" "local discharge for infiltration which is captured by the riprap

on the west flank of tha weat berm of Raffinate Pit 1.

Previons exploratory drilling investigations at the WSS
indicated areas of anomalously high groundwater elevations or _
perched groundwater in the wvicinity of the raffinate pits (BGA.
1984; BNI 19B84; and UNC Geotech 1988). Details regarding
monitoring efforts designed to characterize saturated conditions
in the surficial scils are given in the site RI report.

Seismic refraction surveys performed by Weston Geophysical

‘Corporation (BRI 1984) detected velocity zones of 1,515 m/s

(5,000 £t/8) in the vicinity of Raffinate Pit 3 which may be

" indicative of saturated conditions. . The geophysical data

indicate that the subsurface soil beneath Raffinate Pit 3 may be
saturated and that saturated scil may also be present beneath

- uneaturated materials.on the east, west,; .and south sides of

Raffinate Pit 3. Subsequent berings in the vicinity of the
raffinate pite have confirmed that localized saturated conditions

‘are present (MEF and JEG 1%8%Db).

- 3.2.3 Mississippian-Devonian Aquifer System

E

The Mississippian-Devonian aquifer system is the uppermost
aquifer present .in the vicinity of the WSS. The upper portion of
the agquifer consists of saturated rocks of the Burlington-Eeokuk
Limestone. . As described in Section 3.1, this unit is subdivided
on the basis of weathering. in the vicinity of the site. At the .
WSS the lowermcoast unit in the Mississippian- Devonian aquifer
system is the Bushberg Sandetone. Groundwater flow in the
vicinity of the site is characterized by Darclan diffuse flow

- with conduit flow superimposed. The dynamics of groundwater flow .
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. through the upper portion of the Mississippian-Devonian aquifer
~can-hbest be described in terms of hydraulic head distribution.
That is, grnundwatérjflnws from areas of high hydraulic head te
areas of lower hydraulic head. Darcian principles may be applied
to assess flow characteristics on a scale much larger than that -
of the spacing cof individual fractures. that have not been
sigqnificantly enlarged by dissolution. Specific conduit flow
pathways in the vicinity of the site have been defined from dye
injection and water tracing performed by the MDNR (MDNR 1989).

Potentiometric data indicate the presence of a groundwater
divide trending from the southwestern to northeastern portions of
.the site. PFigure 3-4 is a potentiometric surface map based on
data collected in December .1988 from shallow gqroundwater
~monitoring wells. Groundwater to the north of this .divide flows
northerly toward Dardenne Creek and groundwater to the south of
the divide flows southerly toward the Missouri River.

Borshole packer testing of the saturated bedrock has
revealed a general decrease in hydraulic conductivity with depth.
Water quality data from the Weldon Spring chemical plant/
raffinate pite/vicinity properties (WSCP/RP/VP) monitoring well
network indicate that although a downward hydraulic gradient
exists between the shallower and deeper monitoring wells, the
deqree of communication is very limited (MRF and JEG 198%a).

- Contaminants detected in.wells monitoring the shallower portion-:
- pf the agquifer are generally present at lower concentrations or
not at all in deeper monitoring wells. Vertical hydraulic
conductivity is considered to be:a function.of-wvertical fracture. -
gpacing. Angle hole drilling indicates thatspacing of vertical:
fractures is sporadic, ranging from ¢.75 m (2.5 ft) to 5.5 m

(18 ft)}, and averages 3 m (10 ft). The ratic of horizontal to
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vertical fractures 1s approximately 20:1 or greater (MEF and JEG
-1989b}.

To provide insight into the degree of karst development and,
consequently, the potential for conduit flow im the upper portion.
of the Mississippian-Devonian aquifer esystem, the following
discussion of core recovery and drilling fluid loss is presented:.
Disscolution and weathering of the bedrock is indicated by poor
core recovery in the upper 6 to 9 m (20 to 30 ft) of the bedrock
- in many. locations; complete loss of circulation of drilling
fluidse during drilling of roughly half of the borings;
dissolution features in cores; and low rock quality designation
. {RQD) wvalues for:the upper 3 to 15.25 m (10 to 50 ft) of bedrock
cores (MKF and JEG 1990). . '

In general, core loss is concentrated in the top 6 to 9 m
{20 to 30 ft) of bedrock with less than 1.5 m (5 ft) of core loss
. per boring. " Notable exﬂepticns include MW-4009 and MW-4010. MW-
4009 experienced a total core loss of 7.6 m (24.9 ft) baginning
at a depth of 17.1 m (56.2 ft) below ground surface and MW-4010
had 7.4 m (24.3 ft) of total core loss starting at a depth of
13.4-m (44 ft) below ground surface, - These wells are located -
along the projection of the conduit traced from lesing stream
gtretches that occur down-drainage from Ash Pond. A discuasion.
of the effects of core loes and fluid loss during drilling is

.- presented in the Report on-Suitability of the Weldon Spring Site

for Potential Location of a Disposal Facility (MKF and JEG
1994).
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4 IH?ESTIGBEIDH PROCEDURES

Three types of tests were performed to obtain the data.
“-included in this report:  slug:tests, pumping tests,. and tracer. . -
tests. This section describes field prncadurés and the data.
management methods used for each type of test.

4.1 Slug Tests

v -:8lug tests were performed on 3% monitoring wa;la; two
geotechnical piezometers, and 28 observation wells between
October 1988 and November 1989. The locations of wells and
piezometers subjected to slug tests are presented in FPigure 4-1.
The testing was performed by Project Management Contractor {PHE}
" personnel -in support of aquifer characterization efforts as
detailed in the Hydrogeologic Investigations Sampling Flan {MEF
and JEG 198Bh). All of the wells selected for testing are

-screened.within:the Burlington-Keokuk Limestone which is the

uppaermost unit of the Mississippian-Devonian aquifer beneath the
geite. The results of these tests are expected to provide
-information on hydraulic conductivity and aquifer hetercgeneity
and anisotropy, and to complement pumping tests and water level
and flow study data.

4.1.1 PField Proceduras

Falling and rising head teats were conducted at each well
using solid polyvinyl chloride (PVC) slugs attached to braided
.-pelypropylene rope. For 0.05m (2 in.). inside diameter (ID) :
wells a 0.032 m (1.25 in.) diameter by 1.52 m {60 in.) long slug
was used, and for 0.10 m (4 in.) ID wells a 0.076 m {3 in.)
diameter by 1.52 m (60 in.} long sliug was used. The 0.032 m
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{1.25 in.} diameter slug ¢reated avertical head displacement of
approximately 0.61 m (2 ft) and the 0.076 m (3 in.) diameter slug
created a vertical displacement.of approximately 1.52 m (5. ft). ..
-Head data were collected using an-Enviro-Labs Model DL-120-MCP
programmable data logger eguipped with a (-te-25-pound/sq in.

{psi} pressure transducer.

Wall numbers, depths to static water lewvel, pressure
transducer installation depths, initial transducer heads, test
= -types {rising .or -falling), and test times were recorded in the
field log book by fleld personnel. . Variable interval sampling
frequencies were also developed and recorded in the field.

In general, tests were conducted as follows:
1. The depth to static water level was determined and recorded.,

»2.- The pressure transducer was placed in the well to a depth of
approximately 2.5 m {8 ft) or more below tha static water
level.

3. A falling head test was performed by simultanecusly starting
‘'data acquisition {using the data logger) and quickly lowering
the PVC slug within the well to a depth below the previously
determined static water level. Data acquisition proceeded
until.-transducer head values cleosely approximated pretest
conditions.

4,  After transducer head values indicated a return to static or. .
near statlc conditicna, a rising head test was conducted by
simultaneously starting data acquisition and withdrawing the

‘P¥C slug, thereby caunsing an instantanacus decrease in the
transducer head value. '
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.5, Data acquisition proceeded until head values returned to
.gtatic or nedr statilc condltions whereupon testing was
terminated.

4.1.2 Data Management

All data were collected using the EL-120-MCP data logger -and -

pressure transducer. Field data were pericdically transferred to
& portablie computer for conversion to a LOTUS 1,2,3 compatible

i format using. an- Environ-Labs data conversion program. Individual
test identification for data analyesis was accomplished using:
HYCON, a LOTUS program developed at the Weldon Spring Site
'Remedial Action Project (WSSRAP) specifically for single well
hydraulic conductivity data reducticon and analysis.

4.2 Pumping Tests

- -, The pumping. tests.were designed to provide data to be uged in
the calculation of the transmieeivity, storativity, and areal
anigotropy of the shallow bedrock agquifer bensath the Weldon
Spring chemical plant and raffinate pits (WSCP/RP). Pumping
tests began January 10, 1989 and continued through February 4,
1989. These tests were performed by Rarth Scientists, Inc. of
St. Louls, Missouri, on behalf of the PMC, at pumping and
obsexrvation well networks installed specifically for performance
-of pumping tests. The locations of pumping and observation wall
networks are indicated in Fiqure 4-2.

The following subsections. describe the rationale used to -

design testing, the procedures followed in the performance of the -

pumping tests, and the methods used to manage the data obtained
during the testing.
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4.2.1 Testing Rationale

As: the pumping and observation wells were developed, step-
drawdown pumping tests were performed. The reaults of these
tests showed that it was likely that the.pumping tests could be
run concurrently to shorten the period of test performance.  To -
monitor fnr"poasihie interference between pumping wells, a
staggered starting schedule was developed. According to the _
scheduls, the initial pumping test would ke run for a minimm of

=48 -'hours. . During that time, static water levels were observed so

that any effects at other test locations could be identified.
Assuming neqligible effects at other locations, a concurrent
pumping  test could begin and the process could be repeated until
campletion of all testing.

Preliminary calculations indicated that up to 240 hours of
punping wonld be necessary at sach pumping location to monitor

rpotential reffects of-'delayed yield under steady state conditions.

Howaver, contingency plans were made to end the pumping hefore
thig time limit if punping could not be sustained. Maximum
sugstainable pumping rates were determined based on the results of
step-drawdown pumping tests performed during well development.

4.2.2 field Procedures

- .Before the first teet was started, static water levels were

- observed to detarmine background conditions of the aquifer.
Potentiometric observation began con January 10, 1989. Water
level measurements were taken at two-hour intervals at the three.
- pumping/observation well networks and selected monitoring wella
near the pumping wells (Tabla 4-1). These measurements continued
for approximately 96 hours.
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During and after the testing, water levels were monitored at
time intervals based on three schedulesa. These aschedules are
shown in Table 4-2.

- Upon termination of pumping, recovery measuremente were taken
unti] the water level had returned to within -10% of the Driginal-z
- gtatic water level.

- Water levels were monitored by two methods. The water levels
o+ v, ¢ in the pumping wells were monitored using pressure transducers.
The information was recorded using data loggers manufactured by
In Situ, Inc., Laramie, Wyoming. The elactronic data were
verified by obtaining water levels with an electric tape at
periodic intervale. Electric tapes were alsc used to obtain all
water levels in the obeervation and moniteoring wells.

The pumping test at Well Ho. PW-2 began at B:36 am, Friday,
00 - iaJanumary (13, 1989 at -a:pumping rate.of. 1.5 lpm. (0.4 gpm). Water
level measurements continued at and around the other pumping
locaticns. Pumping continued until 6:30 pm, Friday, Jannary 20,
1988 == a total of 178 hours. Pumping was terminated after the
water level in the pumping well began dropping rapidly to near
the level of the pump intake. Water level recovery was then
monitored until 8:39 am, January 22, 1989, when the test was
terminated.

The pumping test at Well No. FW-3 began at 1:42 pm,
Wednesday, January I8, 1%B9 at a pumping rate of 1.1 lpm
©-{0.3 gpm). -Pumping continued until 10:25 am, January 26, l&BH&-%g
a total of 189 hours. - Pumping was terminated after the water
level in the pumping well began dropping rapidly to near the
level of the pump intake, approximately 36 hours after the well-

aqoifers/]od/iot . 22




TABLE 4-1 Water Level Monitoring ana;iana'Uaad During

Pumping Teste
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Well Depth - Screen I

Monitoring
Locations {ft) Interval {(ft)
PW-1 PW-1 90.3 49,5-49.5
OB1A 89.5 4B.0-89.0
OB1B 91 50.5=-90.5
OBLC 88.5 48.0~-88.0
CB1D a0 49 .5-89.5
OB1E 44 54.0-94.0
QB1F 93 52.5=-492.,5
OB1G 90 49.5-89.5
OB1H 93 53.0-93.0
QR1T g0 49.5-89.5
MW-2006 71 55.5-65.5
¥W=-2007 99 83.0-93.0
MW=201D 64 48.0-58.0
MW-2011 79 62.8=-72.8
M@-2012 69.5 48.0-58.0
M@=-2013 75 58.0-68.0
PH-2 PH-2 g9.8 45.0=85.0
QOB2A 85 44,.5-84.5
OB2B 85.5 45.0-85.0
OBR2C 85 44,5-B4.5
OB2D B85 44,5-84.5
i OB2E B6 45,5-85.5
OB2F 84 43.5-83.5
OB2G 85 44,5-94.5
OB2H 85.5 45.0-8%.0
DB21 86 45.5-85,5
0B2J 143 130.0-140.0
MW=2015 a6 67.5=77.5
MW-2018 69 53.0-63.0
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TABLE 4-1 Water Level Monitoring Locations Used During
Pumping Tests (Continued)

m - i |
Test Locations ;° Monitoring Well Pepth Screen
Locations . (£t} : Interval {ft)
PW-3 PW=-3 o 86 -45,5=-85.5
OB3A B3 42,5-82.5
OB3B 85.1 44,6-84.6
OB3C 83 42.5-82.5
OB3D - 83 . 42.5-82.5
OB3E B5 45,0-84,.5
OB3F 83 42.5-82.5
OB3G 83 42.5-82.5
OB3H 85 45.0-84.5
OB3I 83 . 42.5-82.5
MW=-2001 64 48.0=-58.0
MW-2002 64 48.0-58.0
| MW=-2005 81 65.5-75.5 |
MW-3003 89.5 79.2-89.2 _J
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TABLE 4-2 Time Intervals for Me&surin@'nrawdawn During Pumping
Tests

Time Since Pumping

Started/Stopped Time Intervals Between
(Minutes) Measnurements
Pumping Teats

0 - i 1 sec.

1 - 5 : 10 sec.

5 - 10 ) 30 mac.

10 - 15 ' 1 min.

15 = 60 5 min.

60 - 240 30 min,
240 - 720 60 min. {1 hr.)
720 - 1440 _ 120 min. {2 hr.}
1440 - termination of test 240 min. (4 hr.)

Obaervation Wells

0 - 60 2 min.

&0 - 120 S min.

120 - 240 10 min.

240 - 360 0 min.

360 - 1440 60 min.
Cees s 1440 - termination of test 480 min. (8 hr.)

Monitoring Wells

0 - 12 1 min.

12 - 24 2 min.

24 - termination of test 4 min.

aqui far/fjed /jor
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reached steady state, After pumping, water level recovery was
monitored until 9:23 am, Janunary 30, 1989.

The pumping test at PW-1 began at 12:55 pm, Jammary 24, 1989
at a pumping rate of 1.1 1lpm (0.3 gpm}. Pumping continued for .
the planned. 240-hour duration until 1:13 pm, February 3, 1989. .
- Water . level recovery was monitored unti] 1:08 pm, February 4,
1989,

¢;2.3 .Data Management

Field measurements from the pumping tests included static

- .water levels, pumping and recovery water levels, ambient air

tamperature, and barometric pressure. Barometric pressure and
temperature ware recorded from a mercury barnmeter and a
tharmometer at the pumping well.

. All physical measurements collected by the subcontractor were
recorded in field notebooks and were. then transferred to LOTUS
123 apreadshests. Calculations were made to convert the field
elevat.ions to elevations above mean sea level and to correct for
changes in atmospheric pressure. The final data were then
transmitted to the PMC in hardcopy and electronic form.

4.3 TRACER TESTS

The tracer teats were designed to aid in determining values
of effective porosity and assessing dispersivity. The tracer
tests were performed at the PW-2 and PW-3 networks. PW-1 was not
considered suitakle for tracer tests due to its susceptibility. to -
freszing and proximity to known areas of nitroaromatic compound
contamination. - Figure 4-3 shows the location of the injection .
_points at each test network. The following subsections describe.
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‘the procedures fallowed in: the performance .of the tests and the
. .methods used to manage the data as it was collected.

4.3.1 Field Procedores

A converging-flow technique was aelected in which an aliguot.
of conservative ion tracer solution was-injected into observation
wells and samples werae collected from the pump discharge at
preset intervals. Chloride and bromide salts were selected as

il rtracers. because they are environmentally safe, readily available,

and could be easily analyzed on site at parts-per-million levels
using a specific ion electrode. Tracers were prepared by
dissolving 5 kg (11 1b) of potassium bromide or potassium
chloride in 8~liters (2.1 gallons) of deionized water. Two
-tracer tests were conducted at each lecation using different ion -
solutions to determine effects of aniscotropy on travel timea.
Preliminary estimates indicated that 100 to 150 hours would be
srequired for the tracers.to travel from the injection well to the
pumping well under the anticipated pumping rates.

Samples were collected in 250 ml Nalgene bottles according to
the schedule shown in Table 4-3. HNew bottles were chtained
specifically for the tracer testing but were reused as necessary.
Prior to each use, the bottles were triple-rinsed with delonized
water and immediately before a sample was taken were triple-
rinsed with water - from the pump discharge. At each sampling
time, a total of four samples was taken from each well. This
gave: dupiicate samples for each tracer analysis,

Pumping for the tracer tests at PW-3 began at 3145 pm, March

21, 1989. A saturated potasaium chloride sclution was injected
into cbservation well OB3C on March 22 between 3:15 pm and
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Tracer Testing

Time Since Time Interval
‘Tracer Injection Between Samples
{hours) (hours)
0D - 24 No Samples Taken
24 - 96 4
96 - termination of test 2
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4:20 pm. A saturated potassium brumfda polution was injected

. into observation well OB3F between 4:40 pm and 4:55 pm. After
» the tracers were injected at each: location, each injection well :. -
‘wag Burged with a bailer to mix the tracer within the water

column. Then a total of 275 liters {73 galleona) of -aquifer water

from the pump discharge-was injected incrementally as a “chaser® ..

to drive the tracer intoc the formation. Sample collection at the
pumping well began at 4:00 pm, March 22 and continued until the
test was terminated at 4:40 pm, April 12.

Pumping for the tracer teste at FW-2 bagan at 4:40 pm, March
22, 1985, A saturated pﬁtasﬁium chloride solution was injected

- into observation well OB2I on March 24 between 9:30 am and
. 9150 am, and a saturated potassium bromide solution was injected
"~ into observation well OB2E between 2:30 pm and 2:42 pm. Surging..

and injection of chaser water followed the tracer injecticna in
the same manner as at the PW-3 location. Sample collection at

- ~the pumping well began at 12:30 am, March 25 and continued until
"the test was terminated at 4:50 pm, April 12.

4.3.2 Data thagenenf

The measurements taken during the tracer tests were the same
as those taken during the pumping tests with the addition of
tracer concentrations. Tha tracer concentrations were determined
by - analyzing the water samples taken from the pumping wells using
specific-ion electrodes attached to an Drion meter. Meter
calibration curves were generated using standards of 1 part per
million (ppm}, 10 ppm, and. 100 ppm for bromide and 10 ppm,

100 ppm, and 1,000 ppm for chloride, The calibration curves and
slope intercept egquation were used to convert millivolt readings
to parts per million.
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.5 HMETHODS OF ANALYSIS

Monitoring wells, pumping wells, and observation.wells wera ..
-utilized for agquifer testing at the Weldon Spring chemical plant/
raffinate pite/vicinity properties (WSCP/RP/VP)} in support of the
- epvirommental documentation process. The primary objectives. of -
- " testing were to define the hydraulie. characteristics of the -
aquifer. This information will be of use in predicting
contaminant migration and in assessing groundwater remediation
~alternatives. Sluyg. tests were performed to provide information
on areal variations in hydraulic conductivity in the uppermnsi
agquifer. Pumping tests were performed to accurately determine
-transmissivity and specific yield and to allow assessment of the
effects. of pumping on groundwater flow patterns and contaminant
levels. Tracer tests were performed to assess the effective
porosity and dispersive properties of the formation. The methods
of analysis used to evaluate the alug tests, pumping tests, and
-+ tracer-tegts are discussed.in this section,

5.1 SLUG TESTS

Test data were-analyzed using two analytical methods. 2
-method develcped by Hvorslev (1951) was used to determine
hydxaulic¢ conductivity. This method allowed comparxisona because
it is widely used. A method developed by Bouwer and Rice (1976)
- »was also used to derive hydraulic.éunductivity values.

Slug test head recovery data revealed three types of data
oorceonfigurations that. required -exemination-and:editing prior to -« -

analysis. These data configurations were:

Harmonic distortion - Thig occurs when a pressure wave is created
during slug deployment. :Since the transducer used to. collect.
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data converts pressure to hydrostatic head in units of length,
.-the. force of slug deployment results in variations in pressurg
{head) at the tranaducer.. These variations may be either greater
than or. less than actual head differences due to differences in
aquifer hydraulic conductivity. - The pressure wave created. during
slug deployment was generally cbserved to dissipate within the
first 5 to 10 seconds of the test. Harmonic-distortion was A
easily recognized during data inspection because head values
within the distorted data segment nsually exceeded the possible

-~ range of head values caused by slug deployment. Data segments

exhibiting harmonic distortion were not included during data
analysis. The omission of early time data did not impact the
~quality of data analysis since early time data segments reflected
filterpack influences in most cases.

Level shifts - Data sets that exhibited instantanecous (vertical)
shifte in head level that were not consistent with the

.+ agtablished recovery:.rate were examined. It was found that the

vertical shifts always occurred at programmed changes in
collection frequency. Level ghifts were not common. Retesting
. usually yielded acceptable data; however, in a few cases, the
data were smoothed ‘manually to reflect the pre-shift and post-
shift recovery rates. '

Filterpack influence - Most tests exhibited a dramatic decrease
in.the rate of head recovery within the first 5 to 30 seconds of
data recovery. The fast early time recovery rate is attributed
to the permeability of the filterpack material surrounding the
screen. .These portions of the data.-are eagily recognized upon
inspection and were not utilized for data analysis.
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5.1.1 Hvorslev ¥Method

" The Hvorslev method is the aimplest interpretation of
< piezometer recovery data under unconfined conditions. The
. analysis assumes a homogeneous, isotropic medium of infinite. .
- vertical extent, where the medium and ‘fluid are incompressible
and the change in wolume of fluid within the borehole is

instantaneous.

- In the Hvorslev method, linear reqgression is used on a plot
cf the log of the ratio of the difference in head at any time
during the test to the head difference at the beginning of the
test {ln [H-h/H-H0]) versus time to determine the basic time lag,
T,. Hvorelev defines T, as the time required for equalization of
the active head while maintaining the original rate of flow.
Hydraulic conductivity is then ezpressed as follows:

K= 2 ln(L/ B
2LT,

(1)

where:

r radius of the casing

L length of the intake

R = radivs of the borehole at the intake
T, = bagic time lag

The basic geometry and graphical determination of T, for the
- Hrvorslev method are presented in Pigure 5-1.
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5.1.2 Bouwer and Rice Hethnd

The method developed by Bouwer and Rice is derived. from a
modification of the Thiem equation where:

' 2% KL,
o 1n(R/r,)

{2)

and the hydraulic conductivity ig determined for an unconfined

system by:
. 2In{r /r ) In(y /y,)
2Lt
{3)
where:
K = hydraulic conductivity
r, = radius of well casing

= radius of borshole at the intake

rll'

L = length of intake

t = time

R, = affective radius over which y is
dissipated |

¥ = the vertical distance between the water in

the well at time zero {y,) or any time
during the test (y.) and the potentiometric
surface at equilibrium

agud fer/od fjof ) i5
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Teat gecometry for the Bouwerﬂandfnica'analysis is illustrated
L in Figure 5-=2.

- The change in head, y, was plotted versus time, t, (see
Figure 5-2) to determine the appropriate straight line portion .of
the data for analysis. Most of the data exhibited a double.
straight line effect wherein data within the firat 5 to 7 seconds
exhibited a sharp decline in head difference, followed by a
flattening of the time-versus-head relationship. 1In all cases

~.-the second straight line porticn of the data was considered to

reflect agquifer response. The terms 1/t and y./y, were

determined graphically as suggested by Bouwer (198%). Data plots
are contained in controlled files maintained at the WSS project
office. The data files are available for review on request. The |
straight line data portions used for analysis typically encompass
later time data (up to 780 seconds) than that addressed by Bouwer
(1988) in his update. However, it should be kept in mind that

'+ head-recovery curvaé for low permeability ‘aquifers seldom

: reseﬁble the example data plots used to illustrate principles.of
hydraulic phenomena.

Head recovery data were considered. to reflect conditions
closely approximating a fully penetrating sitwnation where D is
effectively equal to the distance between the potentiometric
surface and the bottom of the test interval (ecreen). Fully
penetrating conditions were assumed due to a conceptual model of
anisotropy within the Burlington-Keokuk where hydraulic
- conductivity in the horizontal planes (K, and EK;) are considered
to.be much greater than hydrauwlie conductivity in . the vertical . .
plane (E,).
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5.2 PUMPING TESTS

Pumping tests were designed to assess the reasonableness of
the assumptinn that the shallow Mispissippian-Devonian aquifer
beneath the site can be modeled as an equivalent homogeneous
porous medium exhibiting areal anisotropy in the horizontal
plane. :

Data obtained from the pumping tests were used to determine

-« three properties of. the upper portion of the Mississippian-

Devonian agquifer beneath the WSCP/RP/VP: transmissivity,
storativity, and lateral anlsotropy. Values of transmissivity

. and storativity were cbtained using the Cooper-Jacob (time-
drawdown) semi-log method (Cooper and Jacob 1946). Anisotropy
-was determined using the Hantush method, which also yields values
for transmissivity and storativity. Secondary thectives were to
raview -the available data for evidence of other significant

~hydrologic phenomena, -such. ag delayed yvield due to gravity

drainage, boundary effects, and leakage effects, which might
provide insight into the presence and relative magnitude of
double porosity as may be expected in an aguifer comeisting of
limited intergranular and fine fracture porosity coupled with
larger aperture fractures and solution features.

In order to perform the Cooper-Jacob methaod, the data were
‘plotted gemi-logarithmically with drawdown on the y-axis and time
plotted logarithmically on the x-axzis. A line was then plotted
through the straight line porticon of the data and extended to

'find the intercept of -the: line of zero drawdown. .Figure 5-3 15;,.'

an example of the graphical detesrmination of zero drawdown. The
following equaticns were then applied.
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P = 264Q/8 : B (4)
5 = Tt,/4B800r* (5)
wherei
T = transmissivity (gpd/ft)
Q = pumping rate (gpm)
8 = change in drawdown per log cycle (ft/cyecle)
5§ = gtorativity (dimensiconless)
t. = x-intercept of straight line portion of curwve
~(minutes)
r = distance from pumping well to observation well
(ft)

The resulting valuese of T and 5 are average valueas for the
formation in the area between the pumping well and the specific
observation well. The values also overlap along the lines of the
observation wells. | '

The Hantush method provides a measure of the lateral
anisotropy of a formation. Intermediate steps in the method also
provide storativity and minimum and maximum transmissivity
valuea, A summary of the analysie follows (Hantush and Thomas
1966).

Values of transmissivity and storativity are obtained for

- each observation well using a standard technique, such as the
Cooper—Jacob method. These values of transmissivity are then
averaged to obtain an effective tranamissivity, T,, of the
-system, - The drawdown values, B, at a given time, t., are then . ..~
- plotted, and for a given drawdown, an ellipse 1s contoured with
major and minor axes, A and B, respectively. The orientation of
the ellipse, &, can he found graphically (Figure 5-4). The
principal values of the transmiseivity in. the major and minor

aqui far/fyod/{nf L0
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‘directions of the ellipse and the principal anisotropy can then
- -pa.found from the following set of equations:

Ty = (2/D)T, ' (6)

T., = (b/a)T, : {7)

5 = (4T,t./ab}W(4T,B/0) . (B

Principal Anisotropy = Teu/Tan : {9)
whare:

T = maximum transmissivity

Tuz = Minimum transmissivity
Wl = inverse well function
Q = pumping rate

5.3 TRACER TESTS

- bata obtained from the: tracer tests were used to assess the
effective porosity and dispersivity of the formation. '
Determination of the effective porcsity was made using Darcy’'s
law and the dispersivity was found by first uaing a common
tranaport equation to find the hydredynamic dispersion and then
solving a direct relationship between hydrodynamic dispersion and

dispersivity.

-Darcy’e law etates that the specific discharge per unit area,
q, of a formation is the product of the hydraulic conductivity,
E, of the formation and the hydraulic gradient, i, across the
-formation. In order to opbtain the effective porosity, n, the -
relationship q = vn, where v is. the a?aragé linear velocity of
the . groundwater, must be substituted intc Darcy's equation.

squifar/cd/iot 52
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The hydraulic conductivity of the formation along the path of
-the tracer was found by dividing. the tr&nsmisaivity by the

- saturated thicknessg.  In this case, the saturated thickness was
taken to be the screened interval of the wells (40 feet).
Bquating saturatad thickness to the screened interval is

" Justified by the relative lack of vertical flow observed in the
system (BNI 1987 and MKF and JEG 19B9b).. The transmissivity
values that were used were estimated from the ellipses obtained
in the Hantush analysis. The average hydraulic gradient between
"the injection well and pumping wall, which is the value uséd in
the calculation of effective porosity, iz found by dividing the
difference in hydraulic head between the injection and pumping
wells by the distance between the two wells. Chloride and
bromide ions are very conservative tracers, and therefore can be
agsumad to travel at the same wvelocity as the groundwater.
Consequently, the average linear velocity can be determined by
examining the breakthrough times of the tracers (Figure 5-5).

In order to find the dispersivity of the formation, the
hydrodynamic dispersion, D,, must first be determined.
Hydrodynamic dispersion is found using the feollowing tramsport
equation (Bear 1572): '

_ M/n exp (-zX-VE/n)?,

(4mD, t) 173 4D, t
(10)
where: C = tracer concentration in sample o
A = cross-sectional area which. the tracer origimally -
occuples
M = original tracer mass
n = effective porosity of the formation

D, = hydrodynamic dispersion

aguifer/icd/joi 53
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time at which cuﬁcentratinn, ¢, is determined

t =
x = distance that tracer travels
v = average linear velocity of the groundwater

This equation is then rearranged to the formrt

A 94 (M/n)  _ _ 4t In{Ca)

, (dnrD, £) 1/ (x-vt/m?

S

(11}

and D, is found through iterative solutions of the equation.

Digpersivity is related to the hydrodynamic diépersion'hy the
egquation:

n, =va, +D*

(12)
where:
%, = dispersivity
D* = coefficient of molecular diffusion

Becanse the coefficient of molecular diffusion is several orders
of magnitude smaller than the other terms, on the order of 10-%°
{Freeze and Cherry 1979), it can be considered negligible and
therefore can be omitted from the equation. Then, rearranging
the resulting equation, dispersivity equals the coefficient of
molecular diffusion divided by the average linear velocity.

. agquicer/jod/jor '_ 55
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6 RESULTS AND DISCUSSION

In the following.sections the results of the slug tests,
pumping tests, and tracer tests are presented.and discussed,

6.1 B5lug Tests

Statistical analyses of slug test results were performed to
- facilitate presentation of results. Figure 6-1 shows the
rdistribution of results of slug teet data analyzed by the Bouwer
and Rice method for all monitoring wells and piezometers tested.
Values for each observation well network are awverage wvalues of
all observation wells tested at each network location. A
frequency histogram and summary statistics for all wells tested
are presented im Figure 6-2. Individual slug test data for all
walls tested are containoed in controlled files maintained at the
prdject office.

6.1.1 anitnring Wells and Piezometers

‘Table 6-1 presents hydraulic conductivity values obtained by
the Hvorslev and Bouwer and Rice methods for all monitoring wells
and piezometers tested. Monitoring well designations are denoted
by a MW prefix followed by a four-digit number, and piezometers

are dencted by a GT prefix followed by a two-digit number and a P
suffix.

Analysis by the Hvorslev method yielded results which ranged
from a-high of 1.4 m/d (5.3BE-05 ft/s) for .MW-4014 to a low of . - -
1.4E-03 m/d (5.35E-08 ft/s) for MW-4011. A frequency histogram
and summary statistics are provided in Figure 6-3.
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TABLE 6-1 Slug Test Values for Monitoring Wells and Piezometers

aquifer/{od/iof

59

MID-SCREEN MEBRN HYDRAULIC CONDUCTIVITY (m/d)* RATIO OF
DEPTH EBELOW Hyorslev Bouwer & Rice HVORSLEV/
WELL ID TOPF HDRX (m) Mathod . Method BOOHER &
MH-2002 4.74 1.20E-D1 G.50E-02 1.85
MH=2005 7.88 2.20E-02 1.80E-02 1.22
MH=2006 11.56& 1.20E-01 5.90E-02 2.03
MW=-2008 £.64 1.10B-01 5.10R-02 2.16
MH-2013 10.83 9,%0p-02 4.10B.02 2.32
MW-2015 9.76 4,.20E-02 1.00E-01 0.42
MH-2018 7.78 2.108-01 . TOR=0Z 3.68
HW=-2015 24.14 T.00B-03 1.708-02 0.41
MW~-2021 24.B6 2,00p-0Q2 2.108-02 0.95
MW-2022 23.24 2.50E-02 3.50Bm-02 0.71
MW-2023 ‘9,64 E.50B=03 7.90E-D3 Q.84
HW=2024 28,24 3. 30E-02 3.40E-02 Q.97
Mu=2025 20.77 3.30B-~02 3.40B-02 Q.97
MW-2D26 28.41 1.50m-02 2.90E-02 Q.52
MU=2027 26.50 1.00m-02 1.20E-02 g.83
HW=-20289 24.49 1.50E=-02 1.50E-02 1.00
HW-2029 19,32 1.50E=-03 1.50E-03 1.00
HW=-3002 18.18 5.30E-D3 5.DDE-03 1.086
H=3006 30.65 2.60E=-01 2.20E-01 1.13
M=-3019 13.81 6.00E=02 4.70E-02 1.28
¥-4001 &.41 E.30E~-D2 4,30E-02 1.23
MH-4004 14.18 A.30E-D3 5.50E~-03 &.60
NW¥=4005 13.24 2.80E=-03 3.60E-03 c. T8
¥MH=4007 20.13 6.00E=-03 5.60E-03 0.91
. MW=4008 16.36 - 8.50E=03 8.%0E-03 0.96
¥H-4009 16.04 - ' 5.60E~03 h.BOE-03 0.97
MW-4010 17.14 2.5%0F-03 4.30E-03 D.58
W-4011 12.29 © 1.40B-03 1.50B-C3 B.93
MW-4012 11.38 2.30E~03 31.90E-03 D.59
W-4013 4.39 8.30E-01 4.90R-032 16.94
Mw-4014 &.07 1.40E+00 8.80E-01 " 1.5%
MH-4015 12.22 7.00E-03 2.50B-02 0.28
MW-4016 14.85 2.20E-02 3. 508-02 0.63
MW—-4C17 12.405 3.60E-02 2.60E-02 1.38
HW=4018 g.01 3.30R-02 2.60E-D2 1.27
HY=4020 7.87 2.50R-02 2.,.00E~-02 1.25.
HW-4021 10.52 5.20B-02 3.40E=-02 l.532
MW-40Z22 13.38 7.90E-02 2.00E-02 3.95
MH-4023 4.58 3.60E-03 6. 70E-02 0.05
GTSAP - T.eT 2.00E-01 3.90E+00 0.05
GT&EP E.E8 3.00E-01 5.50E-0Q2 5.45%
* To convert from meters/day {m/d} to - feet/day multiply by 3.28.
RICE '
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analysis by the Bouwer and Rice method yielded results which
ranged from a high of 3.9 m/d (1.5E-04 ft/s) for GT-56P to a low
of 1.5E-03 m/d (5.7E-08 ft/s) for MW-2029 and MW-4011. Summary .
statietice and a frequency histogram are presented in Figure 6-3.
Data from piezometer GT58P was not suitable for analysis using
the Hvorslev technique due to almost instantaneous equaligzation
of that portion of the active head required for determination of.
the basic time lag. Use of a potable water slug to create a
larger head displacement would probably eliminate this effect.’

6§.1.2 Observation Wells

Table 6-2 presents values obtained by Hvorslev and Bouwer and
Rice methods for all observation wells tested. As with the
monitoring well and piezometer data, values are either a mean or
single test value depending on the integrity of the test data.
Analysis by the Hvorslev method yielded results ranging from a
+maximom of ;1.0E-01 m/d  (3:8E-06 ft/s) for OB2I to a minimum of
8.1E-03 m/d (3.1E-07 ft/a) for OB2J.

Analysis by the Bouwer and Rice method yielded results
ranging from a maximum of 4,4E-02 m/d (1.7E-06 ft/e) for OB3I and
a minimaum of 6.5E-03 m/d {2.5E-07 ft/=s)} for 0B2J. Frequency
histograms and summary statistics are presented in Figure 6-4.

6.1.3 Discussion

Calcunlated hydraulic conductivity valuee were compared by
dividing the wvalue obtained using the Hvorslev Method with the . -
value cbtained using the Bouwer and Rice Method. Ratios of
Hvorslev to Bouwer and Rice values average 1.6 and range from
0.05 to 16.94. Individual! ratios are included in Table 6-1.

aquifar/iod/of 61
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TABLE 6-2 Slug Test Values for Observation Wells

MID-SCREEN MEAN HYDRAULIC CONDUCTIVITY {m/d)* FATIO OF

DEPTH BELCOW HBvoralev Bouwer & Rice HVORSLEV/

WELL ID TOF BDRE (m) Method Meathod BOUWER &
0OElh 3.58 1.B80E-02 1.30E-02 1.38
0OB1E 3.93 1.30E-02 1.10E-02 1.18

Qslc 3.55 1.00E-02 2.20E-03 1.22 .
081D . 3.57 1.60E-02 1.70E-02 0.94
OBl1E 3.88 1.60E=D2 1.10E-02 1.45
OBl1F 3.45 2.80E-02 2.30B-02 1.22
DEl1G 3.60 : 9. 80E=D2 §.B0E-Q3 1.44
OE1lH 3.80 2.50E-02 1.70E-02 1.47
- DB1I 3.56 1.70E-D2 1.90E~-02 0.89
QOBZ2A 1.93 . 1.10E=02 7.50E-03 1.47
OBZB 2.19 3.60E=-02 1.50E-02 2.40
OR2C 1.88 3.90E=02 2.10E-02 1.86
OBZD 1.99 ' 3,70E-D2 1.60E-02 2.31
ORZE 2.11 6.20m-02 3.60E-02 1.72
DB2ZF 2.03 3.90B-02 2.70E-02 1.44
OB2G 2.04 a,.70B-02 2.00E-D2 1.85
OB2H 2.17 2.40E-D2 1.50E=02 1.60Q
DB2I 1.99 1.00E-D1 3.40E=02 2.94
DRI 8.72 B.10E=D2 &,.50E-03 1.25
OE3A 2.583 1.90E-02 1.00E-02 1.90
OB3iB 2.92 1.70E-02 1.10E-02 1.55
OB3C Q.03 1.90E-D2 1.30E=02 . 1.46
OB3D 2.48 2.80E-D2 1.B80E-02 ’ 1.56
OR3E - 2.82 .- 3 .70E~02 1.70B-02 1.59
QA3F 2.49 8.60R-03 1.308-02 0.66
OR3G 2.50 3.50E-02 2:10E-G2 1.6&7
0B3H 2,87 3.00E-02 2.00E=-02 1.50

OB3I 2.53 . 6.60E-02 4 .40B-02 1.50

* Ta oconvert metera/day (m/d)} to feet/day multiply by 3.28,
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Values for teat data analyzed by the Bouwer and Rice method

. are generally lower than values determined by the Hvorslev
method. This is because the Hvorslav method assumes. that the
effective radius of influence for the test (i.e. the radius over
which head loss or gain is dissipated) is equal to the dlstance
from the bottom of the well to the potentiometric surface.
Bouwer and Rice determined a methed of calculating the effective
radius of influence, R,, from equation (1) based on an electrical
resistance network analog for different test geometries with the

-. agsumption that drawdown of the water table around the well is

negligible, that capillary drainage can be ignored, head losses
as water enters the well (well losses) are negligible, and the

" aguifer is homogeneous and isctropic (Bouwer and Rice 1976).
"With thia in mind, the Bouwer and Rice method was used to analyze
all data because it is considered to more ¢losely simulate test
conditions. The Hvorslev technique was also ueed becauwse it is
widely used, hence levels itself to comparisons with other data.

Analysis of zlug test recovery data using the Bouwer and Rice
Method wae performed in general accordance with guidance supplied
by Bouwer and Rice (1976) and Bouwer (1989). However, late time
data was included in many cases so that it may appear that the
data are not being treated in the manner prescribed by Bouwer and
Rice, who suggest using straight line purfinns of the data which,
in the exaﬁplas, are displayed in early portions of the head
recovery curve.

It should he noted that the examples in the literature are
based on alluvial aquifer conditions where recovery ocours
relatively rapidly, while conditions beneath the Weldon Spring
site (WSS) more closely resembkle aquitard properties in man?
instances. Almost all data ezhikited fairly rapid early time
., recovery, which is considered to ba indicative of filterpack. or

agqud farfjodd jof 64
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annular influence. .Future tests could use a potable water alug
»in -order to minimize the effect of annular influence on recovery .-
© data. A water. slug could be used to perform-a-falling head test.
by filling the well to the top of the casing with potable water.
The active head would then be on the order of tens of feet rather
than 2 to 5 feet. The larger active head would effectively
exceed anmalar influence capacity (filterpack,  developed zone),
' whereas most of the smaller active head (induced by relatively
small solid slugs) is rapidly transmitted to tha higher
.. permeabllity. filterpack and developed. zone.

Fiqure b=-5 is a plot of the depth of the screened (mid-
“.acreen) interval below the top of bedrock on the vertical axis
and hydraulic conductivity values increaéing ta the right on the
horizontal axis. Plotted values are from all wells and were
analyzed using the Bouwer and Rice method. The plot does not
‘indicate any observable trend in hydraulic conductivity with
:raspect: ta the depth.of. the screened interval balow the top of
badrock. Hydraunlic conductivity for MW-3006, ona of the deepest
"wells tested, was significantly greater than the averaga and i=s
probably a result of water-filled fractures at depth, as noted on
the drilling log. Geochemical and contaminant data may be useful
in determining whether water in this well is more like water in
shallow wells than water in other deep wells. |

. While the lack of an observable trend with respect toc the
vertical distribution of hydraulic conductivity may seem to
conflict with previous observations regarding a general decrease
in hydraulic conductivity with increasing depth (BNI 1987), it
should be noted that Bechtel conducted borehole permeability
testing of bhoth the unpaturated and saturated portions of the
Burlington-Keokuk. - Tt is well documented that the upper highly
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~weathered portion of the badrock is a zone of poor core recovery
-and - fraquent drilling fluid loss which is indicative of highly
porous material (MKF and JEG 1990). However, this portion of the
bedrock is generally not included in the slug test data due to
the usually unsaturated nature of the high porosity zones.
Possihle exceptione to this are GT-58P and MW-4014, which are
considered to reflect saturated conditions within the weathered -
bedrock. The values for these wells compare favorably with
values reported by Bechtel for the unsaturated bedrock.

Drilling legs from these locations note loss of circulation,
bit drop, and core loss during drilling. MW-4014 was injected
with one pound of pyranine on July 1, 1988 as part of the
Missouri Department of Natural Resources (MDNR)} dye tracing
program. The tracer was not detected at any of the sampling
locations as of December 1988. However, the amount of dye usaed
for the injection may have bean insufficient to produoce a
- . ..positive detection. -Based on.slug test results as well as core
loss, fluid less during drilling, and quick recovery during |
development and purging for groundwater sampling, the hydrauliec
conductivities of these wells are considered to be typical of
gsaturated portions of the upper weathered Burlington-Keokuk
Linmestone.,

Slug test values for the ohgervation well networks did not
reveal any heterogeneities such as thoae discuesed above. This
is probably due to the fact that the highly weathered upper
portion of the Burlington-Keckuk is not saturated in the vicinity
of the obeservation well networks. Resulta of pumping conductad
at the PW-3 network suggest that OB3I may not be functional due
to lack of drawdown. However, slug tests perfﬁrmed on this well
did not indicate poor hydraulic function of the well.
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6.2 Pumping Tests

The following subsections present the resultz of pumping test
data analyses. Transmissivity and storativity were determined
using the Cooper-Jacok method. The Hantush method was used to

‘determine anisotropy, transmissivity, and storativity.

Additionally, hydraulic conductivity was calculated from pumping-
test data for correlation with slug test results,

6.2.1: Pi=-1 Results

All of the observation wells in the PW-1 network rasponded to

punping of PW=1, :Data. from these wells and PW-1 provided 10

sets of data for analysis. PFigure &6-6 shows a summary of these
rasults.

The values of transmissivity and storativity that were

: gbtained using: the Cooper-Jacob. method are presented in

Table 6-3. The values of transmissivity range from 3.6E=-02 n2/d
(2.9 gpd/ft) to 5.8E-01 m2/d {46.6 gpd/ft) with a mean of 2.0E-
0L m?/d {16.3 gpd/ft) and storativity values range from 1E-¢4 to
6.8E-04 with a mean of 2.9E~4. The Hantush method provided

- maximom and minimum values of transmissivity arcund PW-1 equal to

3.5E-01 m?/d (28.4 gpd/ft) and 1.8E-D1 m?/d (l4.4 gpd/ft),
regpectively, and a mean storativity of 1,7E-4.

Analyegis using the Hantush method indicates the maximum
transmissivity has a bearing of approximately N72°W.
Comparingthe maximum and minimum transmisgivities, it is apparent.
that the anisotropy ratio is approximately 2:l. |
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TABLE é~3 Hydraunlic Properties Determined from Pumping Tests
(Cooper Jacocb Method)

Pumping Data Recovery Data _
Well i K* ¥ 8 : T K 5
(m® /d) (m/d) T (m2/d) (m/d)
- PW-1 0.078 D.0064 ' 0.036 0.0030C
OBlA 0.19 0.016 0.000386 0.098 0.0080 0.00061
OR1B 0.30 0.025 - 0.00013 0.13 0.011 0.00020
OB1C 0.48 0.039 0.00013 0.26 0.021 0.00016
OoB1D 0.19 . 0.016 0.00053 0.10 .0.0082 . 0.00057
OB1E 0.31 0.025 0.00025 0.16 0.014 . 9.00026
OBLF 0.58 0.048 0.0001B 0.31 0.025 0.00023
OB1G ' 0.20 0.017 - . 0.00D43 0.09 0.0078 0.00068
OBlH 0.23 0.019 0.00014 " 0.14 0.011 0.00018
DB1I 0.27 - 0.022 0.00010 D.14 0.011 0.00011
PH-2 0.11 6.0093 _ 0.028 0.0023
OB2A 0.42 0.035 0,00083 0.29 0.024 0.00116
OB2B ~ 0.77 0.063 0.00158 D.65 D.054 0.000%2
0B2C 0.94 0.077 0.00091 0.69 0.057 0.00047
OB2D 0.42 0.035 0.00081 0.20 0.016 0.00079
OB2E 0.62 0.051 0.00034 0.30 0.025 0.00033
OB2F 0.87 0.071 0.00043 0.57 0.047 D.00034
. OB2G 0.41 . . 0.034 . 0.00183 0.23 0.01% 0.00101
" OB2H- 0.67 ©T0.055 0 . 0.00102 0.47 D.038 0.00046
OB2I 0.&9 0.057 0.00101 0.55 0.045 0.000440
0OB2J DID NOT RESPOND TO PUMPING
PW-3 0.057 0.0047 0.032 0.0026
OB3a 0.21 0.018 0.00054 0.11 0.00%95 0.00052
-0OR3B 0.27 0.022 0.00023 0.18 0.015 0.00025
QB3C 0.31 0.026 ¢.00015 D.21 0.017 0.00017
OB3D 0.21 0.017 0.00055 0.10 0.0087 0.00070
OB3E 0.25 0.021 0.00015 0.13 - 0.011 0.00026
OB3F 0.37 0.031 0.00014 D.16 0.013 0.00018
OB3G 0.27 0.022 0.00046 0.13 0.011 0.00102
"OB3H -0.30 0.025%° 0.00014 0.14 0.012 0.000248

OB3I1 DIk HOT RESFOND TO PUMPING

T - Transmissivity
K = Hydraulic Conductivity
8§ ~ Storativity
- * To convert transmissivity values from square meters per day (m?/d) to
gallons per day per foot (gpd/ft) multiply by 80.5.
*+ To convert hydraulic conductivity from meters per day (m/d) to feet
per day (ft/d) multiply by 3.28.

- aquifaried/]of 70




111630

Hydraulic conductivity values calculﬁtad from pumping and _
recovery data for the PW-1 array averaged 2.3E-02 m/d and 1.2E-02
m/d respectively.

6.2.2 PH-2 Results

‘Nine of the cbksarvation wells in tha PW-Z2 network. raespoanded.- -
to the pumping of PW=2. Data from these wells. and PW-2 provided .

10 sets of data for analysis. Figure 6-6 summarizes these

. results.. Deep cbservation well OB-2J (Bcreened from 39.6-42.7 m
{130-140 ft.]), at the PW-2 array did not respond to the pumping
of PWN-2.

The values of transmissivity and storativity obtained using

the Cooper-Jacobs method are presented in Table 6-3. The values -

of transmissivity range from 2.8E-02 m?/d (2.3 gpd/ft) to 8.7E-01
m?/d (70.4 gpd/ft) with a mean of 4.%E-0Q! m?/d (39.9 gpd/ft) and

» ‘starativity wvalues range from 3.3E-4 to 1.B8E-3 with a mean of

f.1lE-4. The Hantush method provided maximum and minimum values
of transmissivity around PW-2 equal to %,.0E-01 m2/d (72.4 gpd/ft)
and 2.5E-01 m*/d (20.5 gpd/ft), respectively, and an overall
storativity of 1.3E-3.

Analyses using the Hantqsh method indicate the maximum
transmissivity has a bearing of approximately N101°W. Comparing

. the. maximum and minimum tranemissivities, it is apparent that the

danigotropy ratio is approximately 3.5:1.

Hydraulic conductivity values calculated from pumping and-:
recovery date using the pumping and obaervation wells at the PW-2
location averaged 4.9E-02 m/d for pumping data and 3.3E-02 m/d
for recovery data. :
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Right of the nine observation wells at the PW-3 network
responded to the pumping of PW-3. Data from these wells and PW-3
provided nine sets of data for analysig. A summary of results is
presented in Figure 6-6. OB-3I did not show any response to the
punping of PW-3. A discussion-of possible explanations for the .
lack of response at 0B=3I is presented in Subsection 6.2.4.1.

+ The Cooper=-Jacob.analysis of the data from the PW-3 array
provided many values of transmissivity and storativity (Table 6~
3). The values of transmissivity range from 3.2E-02 m?/d
(2.6 gpd/ft) to 3.7E-01 m*/d (29.9 gpd/ft) with a mean of 1.59E-
01 m2/d (15.5 gpd/ft) and storativity values range from 1.48-4 to
1.0E~-3, with a me¢an of 3.,6E~-4., The Hantush method provided
maximum and minimum values of transmissivity around PW-3 egual to
3.0E~01 m2/d {24.3 gpd/ft) and 1.BE-01 m#/d (14.4 gpd/ft),
respectively; and:an -overall storativity of 4.0E-4. ..

Analyses using the Hantush method indicate the maximum
transmigsivity has a bearing of approxzimately N12°E. Comparing
the max{mom and minimum transmissivities, it is apparent that the -
anisotropy ratio is approximately 2:1.

Hydraulic conductivity wvalues calculated from pumping and

. recovery data using pumping and observation wells at the PW-3

locations averaged 2.1E-02 m/d for pumping data and 1.1E-02 m/d
for recovery data.
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6.2.4 Discussion
6.2.4.1 Pumping Test Data

The results of pumping test data analyses can bhe most readily
compared by referring tc Figure 6-6. Figure 6-6 shows that the
major axis of transmissivity is aligned approximately north-south
at the PW-2 and PW-3 networks. However, the effective .
transmissivity at PW-2 is approximately twice that for the
~wicinity of PW=3.  Purthermore, the degree of anisotropy is
greater near PW-2 than PW-3 and storativity was determined to be
an order of magnitude higher near PW-2. Higher hydraulic
- properties for the PW-2 vicinity may be attributed to the fact -
that the PW-2 network ie screened higher in the section and
monitors a more highly weathered portion of the Burlington--
EKaokuk. Comparison of FW=2 results with those for PW-1 and PW-3
may indicate vertical anisctropy within the upper Burlington-

- Keokunk Limestone.

Figure 6-6 also shows that the major direction of anisotropy
near PW=1 is aligned approximately parallel to the northwest
trending obaservation well array, approximately 60G° from the
orientation of maximum transmissivity at PW-2 and PW-3. Note
that the major axis of the apparent tranemissivity tensor at PW-3
is oriented approximately parallel to the minor axis at PW-1.
.Also the:values for transﬁissivity and storativity near wells PW-
1 and PW-3 are approximately eqgual.

As noted previously, the current analyses have concentrated. :
-on cbserving and interpreting effects cf lateral anisotropy.
However, evidance of other phenomena has been observed in the
teat well data. Although quantification of such phencmena is
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' hindarad by the quality of the data, the following statements can
:be.made about some of the apparent phencmena:

Q

O

In general, the pumping test data were reviewed for
evidence of short-term or long-term recharge effects,
barrier-boundary effects, and hydraulic separation between
pumped wells and observation wells. '

Although the data from wells near PW-1 showed evidence of

-recharge effects, as evidenced by declining rates of

drawdown during the test, they alec show increasing rates
of drawdown during latter stages of the test. The
variations in drawdown do not correlate to similar
variations in pumping rates, indicating a likelibhood of
other hydraulic phenomena occurring. One possible
explanation of the phencmenon would be classical delayed
yield due to gravity drainaga. This interpretation wouid

-be consistent with the very low values of storativity (1B~

04 to 1E-03) calculated from earlier pertions of the time-
drawdown data, before the recharge effects began to be
observed. However, the changes from declining to
increasing rates of drawdown were generally more abrupt
than would be expected from classical delayed yield
effects, and the phenomena are not consistently obaerved
for all three pumping well locations. An alternative
interpretation might be recharge derived from draining a
larger fracture or conduit near the pumping well, followed
by barrier-boundary effects once the fracture has besn
locally drained.

For the vicinity of PW-2, recharge effects are generally

observed only along the sonth-bearing ray of wells. This is also
the approximate orientation of the major direction of
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transmissivity. Along the ﬁthar two rays, recharge effects are

..generally not observed, whereas barrier effecte are definitely

obgerved at two wells and poesibly observed at two other wells.
These results suggest that ﬂelayad vield may be due to a zone.of .
discrete flow which parallals the south<bearing ray of wells.
These results are conslatent with possible recharge from

- fractures or conduits along the south-bearing ray, with no such .

features along the northwest- and northeast-bearing rays.

-+ «The fact that (OB2J did not respond to pumping, yet lies along
the principal axis of anisotropy, suggests that discrete flow
influences present along the south-bearing ray do not extend to

~the depth of the screened interval of 0BZJ.

e

In the vicinity of PW-3, recharge effects are commonly
observed and evidence of late time barrier effects is lacking.
This again suggests that delayed yield is not a predominant

phenomenon. ' This-effect-would, however, be consistent with more

generalized dual-permeakility conditions near PW-3. In this -
interpratation, diffuse-flow permeability, which 18 reflected in
the calculated agquifer parameters, would provide the major
response of the aguifer to pumping, with discrete-flow

"permeability providing generalized recharge later in the test,

The diffuse-flow permeability could be attributed to
intergranular or fine-fracture flow, with discrete-flow

- permaability resulting from larger, more widely spaced fractures

or conduits.

In addition to the potential recharge effects described above.
there i1s also some evidence of short-term effects consistent with
a dual-permeability aquifer. 1In data from several wells, there ..

-was a short-time rise in water levels, or brief flattening of the.

-drawdown curve, which would be consistent with .temporary recharge
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from a fracture or conduit, fellowed by cessation of recharge

. consistent with drainage of the fracture. Such affects are seen

in wells PW-1 ({500 minutes), OBlA and OBlG (200-330 minutes), and
possibly OBlI (400-500 minutes); note that wells OBlA and OB1G
are aliligned approximately parallel to the inferred major
direction of anisotropy at PW-1l. Since such effects are seen in
all nine observation wells, this may partially explain the .
generally higher tranamissivities and storativities inferred from
data at PW—2 than from the other two wells. Similar short-term

- racharge effects are not readily observed in data from PW-3

obgervation wells -indicating that the cone of inflﬁence for PW=-3
is dominated by diffuse flow permeability. '

Isclated evidence of barrier-boundary effects was also
occasionally cbserved, notably in wells 0B2C, OB2G, and OB3F, and
possibly in test wells PW-2 and PW-3. Wells OB2C, OB2G, and PW-2
are aligned generally parallel to the direction of minimum

. transmissivity near PW-2:indicating a-lack.of discrete-flow

permeability along this orientation.

Two observation welle did not readily respond to production
from nearby pumping wells: OB2J and GB3I. (B31I 1s located about
18 m (60 ft) from PW-3 along ray 3, and is screened at an
elevation comparable to that of PW-3. 8Slug test data indicate
that OB3I responds in a manner similar to other observation wells

. pear PW=3, 8o it does not appear to be hydraulically isclated due

to any well construction or well development difficulties. A
posaible explanation could be the presence of a filled fracture
{as have been observed during site drilling activities) lying

between OB3H and 0B3I. EHowever, no boundary effects were seen in

the drawdown curve of OB3H.
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Well OB2J is located approximately § m (19 £t) from PW-2, but

' :is. .screened within a much deeper .interval of the limestcne 40-43
m {130-140 ft)} below ground asurface for OB2J compared to '

approximately 14-26 m (45-85 ft) below ground surface for the
othar observation wells at PW-2). The lack of response at this
well suggests a degree of hydraulic separation between shallower

and deeper parts of the aquifer, consistent with the results of ..

in situ agquifer tests and water-level observationas. The
hydraulic separation may be due to stromg vertical anisotropy due

“‘ta the layered nature of the aguifer, a general decline in

hydraulic conductivity with depth due to smaller apertures and
more widely spaced fractures, or a combination of such factors.

The drawdown data were reasonably consistent with the
constraints of the Hantush appreach for analyzing data in the
presence of areal anisotropy. It was possible to readily match
the observed drawdown distributionsg with families of ellipses

‘having more-or-less parallel 'major and minor. axes. - Furthermore,

it was generally possible to ocbtain reasonably consistent
transmissivity estimates from different observation wells
utilizing different analytical techniques (Jacob time-drawdown,
Hantush time-drawdown, Jacob distance-drawdown, and Hantush

‘distance~drawdown), Exceptions to this general conclusion are

discussed above.

In general, many of the observation wells exhibited evidence
of significant recharge in the later portion of the testa, This
is consistent with c¢lassical delayed yield dus to gravity
drainage, leakage from overlying.or underlying beds, or possibly
to double porosity relationshipse such as c¢ould readily occur in.a
fractured rock with some degree of intergranular or fine-

fracture porosity. . The calculated storativity is relatively low, .
‘consistent with that of a ¢lassical confined, homogeneous
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‘agquifer. Since the estimates of storativity are derived largely
from -early-time data during each test, this low storativity could
. be consistent with clasgaical delayed yield., Observation wells at
" PW-1 exhibit some indication of a possible late-time return to a
Theis curve, which is also typical of a delayed yield effect. On
the other hand, the very-late-time return to an apparent Theis
c¢urve is more abrupt than would be expected from classical
delayed yield theory. Since this phenomenon is not generally
observed at the PW-2 and PW-3 observation wells, delayed yield

-~ doas” not appear to be a major cause of the observed drawdown

behavior.

. ILeakage from overlying or underlying strata is not expected.
The pumping and observation wells were designed to be completad
in the uppermost saturated interval of the aquifer, so that
overlying source beds genefally do not exist. Perched
groundwater zones are known to exist in the vicinity of the

- - -raffinate pits;: however, drilling performed for .installation of

cbservation wells and pumping wells did not encounter perched
conditions. Furthermore, the lack of response at well OB2J

- guggests that there 1is relatively little hydraulic connection
between the depth interval tested and deeper portions cof the
Burlington-Keokuk; thus, significant upward leakage is unlikely.

Doubkle poresity effects are qguite possible at the sita. As
~noted in previous ‘site reports (MEKF and JEG 198%9b, BNI 1987), the
Buriington-Keakuk Formation is generally expected to exhibit some
agpects of both intergranular and fracture porosity. The low

transmissivities and storativities observed would ke consistent..
with a very fine-grained, low-permeability granular aguifer, oxr . .

an agquifer with very fine interconnected fractures which behaves
~a8 an equivalent porous medium. The recharge effects would be
‘consistent with secondary fracture porosity zones capable of

aquifer/od /ol 78

o



111694

supplying recharge to the intergranular aquifer as water lavels
. are drawn down. There is evidence in the drawdown data from some

- phesarvation wells of temporary recharge effects, which might be

consistent with the draining of relatively isolated fracture
zongs, There is also evidence in the data from a. few wells of
possible barrier-boundary effects, which might suggest poor
lateral communication between wells such as might be expected . -
under agquitard conditions. '

+~ Radii of influence were determined for each of the test
networks (ESI 198%). 1In general the radii are on the order of &0
m (200 ft). However, along OB1G, OBlH, and OBII the distance
where zero drawdown occurs is 275 m (900 . ft). This ray of wells
lies in the same direction as the primary direction of fractures
-in the formation (MKF and JEG 1989b). Therefore, a fracture may
be transmitting the effects of pumping farther than expected.

wra - s - Hydranlie. conductivity values calculated from pumping and .

recovery data correlate well with values determined from slng
testing. Table 6-4 presents a comparison of mean hydraulic
conductivity values determined from pumping and observation wells
and slug tests.

Anisotropic analyses of transmissivity indicated orientations
of N72°W for PW-1, NK10°W for PW-2 and N12°E for PW-3. In Figure

. .6-7, the orientaticons of maximum tranamissivity are compared to

fracture orientations observed in bedrock exposures in the
vicinity of the Weldon Spring site. The orientation of maximum .
" transmissivity at PW-1 coincides with a major fracture set
whereas the orientations of maximum transmissivity at PW-2 and
PW=-3 are coincident with minor fracture features. ' This suggests

-that:groundwater flow is.controlled by lateral anisotropy in.the. -

form of horizontally oriented fractures and that vertical

aqui far/jod/jof 19




g LT e

e me—— e - ] - s . R . ".'r’.l'-".-":"."‘_.,?_'ﬂ'-’.'

111650

TABLE 6-4 - Comparison of. Hydfa-u-lic -ct:nductiﬁity.values Determined from
Slug Tests and Pumping Tests

Mean K-Value [m/d)} Mean EK-Value (m/d) . Ratio .
Pump Well from Pumping Test from Slug Teéta Pumping Test
Array Data {(Bouwer and Rice} Mean/Slug Test Mean
PW-1 2.3E-02 1.4E-02 1.60
PR-2 4.9E-02 2.1E~D2 2.30
PW-3 2.1E-02 1.8E-02 1.20 .
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fracture orientation has little impact on orientation cof lateral
anisotropy. '

6.2.4.2 Roacovery Data

Recovery data were evaluated by the subcontractor, Earth
Scientists, Inc. (ESI), using semi-logarithmic plots of elapsed
recovery time versus residual drawdown to obtain values of
transmigsivity and storativity. A wverification of the accuracy
- of the subcontractor recovery results was conducted to determine
whether the recovery data warranted reevaluatiom. The
verification process involved construction of time-racovery plota
'nf-ﬁbservatinn walls to determine storativity values and
construction of residual drawdown plots of pumping and
observation wells to determine transmissivity. The time-recovexy
plots and residual drawdown plots were constructed according to
Driscoll (19B6). 'Results of the recovery data verification are
= gompared to ‘ESI‘s-reported values in Table :6-5, The verification
process did not indicate a significant difference in aquifer
property values which could be attributed to the methods of
recovery data evaluation.

6.3 Tracer Tests

The following sub subsections present the results of tracer
test data analysis. The values cbtained from the tracer test
data were verified using RES5(Q, a two-dimensional advection-
~adsoxrption contaminant transport modeling program (Javandel ot
al. 1984). Values of porosity and induced flow welocity were
-used to determine a calculated travel time.

Tracer tests were performed.at the .PW-2 and PW-3 locations
© which exhibited the upper and lower range,. respectively, of -
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Well PMC Rasulta _ ESI ReBults o
I - Trangmisaivityr Storativity Tranamlasivity Storativity
PR-1 0.G633 - 0.036 - ==
OB1R 0.099 . 00066 0.098 0.00061
OBLEB 0.15 G.00027 0.13 0.00020
OBl - 0.256 £.00018 Q.26 0.00016
PH-2 0.05 - - = 0.028 - - =
OB2A 0.288 0.00012 Q.294 a.00Q13
OB2K D.544 0.00092 Q.666 0.00092
QBR2C 0.650 0.00046 G.a90 0.00047
PH-3 0.031 - - ¢.032 -—-

% Suare matersfday {ot/a)

To convert from m®jfd to gallens per day/foor (gpd/ft) multiply by BO.5S.

FMC - Project Management Contractar
EST - Earth Scientista Incorporated
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hydraulic propertieas determined frum'ﬁumping teats. Tracer testsa

" 2were not conducted at PW-1 since the hydraulic properties for

this lovation ware considerad to be similar to thosa at PW-3.
6.3.1 Pﬂ-z Resultes —- Chloride Tracer
Using Figure &-8, the tracer centroid arrival time was

determined to be 125 hours after injection. Application of
Darcy’s law ylelded an effective porosity of approximately 0.003

i 'in the formation between OB2I and PW-2. Applying the transport

equation and the relaticnship between dispersivity and
hydrodynamic dispersion, the dispersivity wasg found to be

. approximately ¢.049 m (0.16 ft).

6.3.2 PW-2 Rogults -~ Bromide Tracer

Oeing Figure 6-3, the tracer centroid arrival time was

- determined: to.-be 260 - hours after injection. - Application of

Darcy's law vielded an effective porecsity of approximately 0.015
in the formation between O0BZE and PW-2. Applying the transport
equation and the relationship between dispersivity and

"hydrodynamic dispersion, the dispersivity was found to be

approximately 0.025 m (0.081 ft).
6.3.3 PW-3 Results -- Chloride Tracer

Using Figure 6-10, the tracer centroid arrival time was
determined to be 190 hours after injection. Application of

Darcy’s law yielded: an-effective porosity of -approximately 0.002 -.

in the formation between QB3F and PW-3, The dispersivity was .
found to be about 0.014 m (0.047 £t).
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6.3.4 PW-3 Results -- Bromide Tracer

Using Figure 6-11, the tracer centroid arrival time was
determined to be 320 hours after injection. Application of
Darcy’s law yielded an sffective pﬂfﬂéity of approximately 0.006
in the formation between OB3C and PW-3. The dispersivity was
found to be about 0.0088 m (D.029 ft). .

6.3.5 Discussion

Figures 6-8, 6-9, 6-10, and 6-11 are plots of time versus
tracer concentration. A simple moving average technique was used

-to obtain a smoothed time-series vector for each tracer

concentration data set.

The preinjection concentration of chloxride at PW=-2 was
approximately 40 mg/l. From inspection of Figure 6-8 it appears

“itithat  initial. tracer breakthrough occurred prior to =zample

collection at PW-2, - Peak concentration was determined to be at
125 hours. The asymmetric shape indicates dispersion of the

- tracer front under the induced gradiemt and a prompt return to .

preinjection concentrations after arrival of the tracer centroid.

-The tail dispersion may have been suppressed by the 275 liter

chaser used to drive the tracer into the formation. The chaser .
may have diluted tail concentrations, while accentuating the
centroid. The shape of the curve also suggests the tracer
bahaved as a single slug.

The concentraticon of bromide with time at PW-2 is shown in
Figure 6-9.  Preinjection concentrations for bromide were ahbout
(.4 mg/l. While the tracer centroid was determined to have

- arrived 260 hours after injection, inspection of the data
-indicates initia) -breakthrough of peak concentration at .

aquirer/ficdsdet ' a4
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approximately BH hours after injection. The:88-hour time value

.- for bromide breakthrough is not unreasonable considering the

distance necessary for the bromide tracer to travel between 0B-2E.
and ‘PW=-2, compared to the distance necessary for the chloride
tracer to travel between 0B-2I and PW-2. Additionally, if the
orientation of maximum transmissivity is considered to be
parallel to the bromide travel path, then a lower breakthrough
time value is expected for the bromide tracer, given that bromide
and chloride have essentially the same degree of

" conservativenese,.' The. curve for bromide also exhibita a degree
of oscillation in the centroid which may be the result of
discrete tracer fractions traveling somewhat different travel

- paths- (fractures), and therefore having different arrival times
due to the relative distance of each travel path. The bromide
concentrations did exhibit a sharp decline as with the chloride
tracer.

* Figure .6=10 is a plot of chloride versus time at PW-3. The
praeinjection concentration of chloride at PW-3 was about 6 mg/l.
Concentrations of chloride at PW=3 were much lower in general
" than those at PW-2, The lower tracer concentrations may be the
result of forcing the tracer into the formation where the bulk of
the tracer entered fracture travel paths which were sither of
longer distance than that which could be evaluated with the
avallable time, or were not connected to flow paths which
. intersected the pumping well. Centroid arrival was determined to
be 190 hours after injection. The data also indicate a peossible
peak concentration at abkout 110 hoursz which may be dme to tracer
slug fractionation. Chlaoride concentrations decline sharply to
baldw preinjection concentrations begiﬁning at 200 hours and
remain low for the remainder of the monitoring period. The rapid
decline to preinjection levels may be due to:dilution by the
chaser water.
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Bromide concentrations at PW-3 (Figure 6-11) were also lower

.+tham:at -PW-2, The preinjection bromide concentration was
.. approzimately 0.1 mg/l. Dispersion of the tracer front and

dilution after the peak concentration is evident on the plot.
Bromide also exhihitéd dual peaks, possibly due to tracer
fractionation, similar to what was observed for chloride at PW=3
and bromide at PW-2. Use of the chaser seems to have diluted
tail dispersion in &4 manner similar to what was observed at other
locations. |

The values of effective porosity obtained from the tracer
tests are approximately one order of magnitude higher than the

~Btorativity values found from the pumping test data. It is

believed that values cbtained using the tracer test method are
more reliakle than values derived from pumping well drawdown data
since tracer test values are a result of observed tracer travel
times. &s with the transmissivity, effective porosity was

! gxpected.towbe low: :*Resultsrshow that. it ranges between 0.002

and 0.015. ILocal variations of the effective porosity, seen
around both networks of wells, can be related to the directional
variations in lateral anisctropy within the formation as
determined by the Hantush analysis of pumping test data.

Dispersgivity is a measure of the amount of mechanical mixing
that occurs in a contaminant masgs as it travels through a porous
media. Causes of mixing include velocity differences within the
pores and differences. in the length of the pore channels through
which the contaminant molecules move, Mixing causzes some of the

.contaninant molecules to travel faster and some slower than the

avaerage linear groundwater velocity. Therefore, dispersivity
cauaes the contaminant plume toc grow in size ag time increases,.

‘Dispersivities ranging from a minimum of (.0088 m.(0.029 ft) to a
-maximum of 0.049 m {0.16 ft) were determined-from the tracer test
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data.-'These values are relatively low and may indicate that a

~...contaminant plume in the aquifer would increase in size very

- glowly. Correspondingly, contaminant concentrations. may

-decrease, -assuming that retardation mechanisms are negligible. .. ...

The low values also indicate that the tested portions of the
aquifer can, in a general sense, be treated as an equivalent
porous medium since lower values would be indicative of fracture
flow with less mixing.

. Fleld-scale. dispersivities are also considered to be
proportional to the scale of the transport path under
investigation (Fetter 1980). Since the tracer tests were applied

. to a rather small. portion of the aquifer volume it is implicit

A

that observed dispersivity values are simaller than what would be
chserved during a larger-scale test in more porous media.
Consequently, it is difficult to make sﬁbﬁtantive inferences
regarding the relative magnitudes of intergranular and fracture

flow:bdsed solely -on’ tracer.test dataaﬂvrrpm.inspectinn of tracer

testa, it was determined that secondary porosity effacts are
evident as pulses in tracer concentration due to differential
velocity through fractures. In the test horizon, primary
porosity (intergranular) is considered to be very low while -

- pacondary porogity can be expected to exhibit a range of valuas.

The lower end of this range i1s represented by tracer test data
cbtained during pumping. The upper end is represented by high

- -slug test values (MW-4014 and GT-58P).

In order to increase confidence in the values for effective
poroeity derived. from the tracer tests, the advection-adsorption .
contaminant transpeort model RESSQ was. used to simulate tracer
transport and verify initial arrival times of the tracers. RESS(Q .
iz normally used to simulate both contaminant transport from

- sources (e.g., injection: wells, leaky tanks, or impoundments}) to- -

© aquifer/jed/jot 92
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sinks {e.q., extraction wells or natural groundwater discharge

.. Jocations) and variations. in-contaminant concentrations with
“time. However, the program is considered applicable for

- warification of tracer travel times where the obaervation wells. -
nsed for tracer injection are considered to represent sources and
the pumped wells represent concentration sinks,

RESSQ was run for each tracer test using the effective
porosities derived frem each test. These values are reported in
#?-f-f:“'asection*5a3.=rhdditional;parameters required to run RESSQ include
flow direction (which in this case was the bearing bketween the
obgervation well used for tracer injection and the pumped well),
" average linear velocity due to pumping, aquifer thickness, and
the adsorption capacity of the host media. Average linear
velocity due to pumping ranged from 7.8E-03 m/day (2.5E-02
ftfday] for the chloride tracer traveling between OB-3F and PW-3,
. to 2.5E-02 m/day (8.2E-02 ft/day) for the bromide tracer
;,ﬂwuh:ﬁ-;trave1ingwbetwean OB=-2E.-and -FW=-2. . Aquifer. thickness was assumed
rﬂ “to be 12.5 m (41 ft) for all cases and adsorption capacity was
consjidered to be zerc for all cases.

Travel times determined using RESS0 ranged from 16 to 45
daye, while actunal travel times ranged from 8 to 10 days.

The differences in the range of cobserved tracer travel times
s.and. those determined using RESSD are considered to bhe
"sufficiently small with respact to the validity of tracer-derived
values for effective porosity. This is demonstrated by the
‘observation that input poresity values for RESSQ would only
decrease by a factor of four in order to obtain an RESSQ travel.
time egqual to that seen in the tracer tests. '
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7 FLOW DYMAMICS

This section presents determinations of hydraulic gradients
-and calculations of groundwater veleccities for selected flow
paths using input values baped on the results of slug tests and
tracer tests. .

7.1 Hydraunlic Gradients

" ‘Horizontal hydraunlic gradients were determined for six
potential flow paths, four in the shallower portion of the
Burlington-Keckuk Limestone and two in the deeper portion of the
same - formation., Flow paths were chosen to obtain values for
average linear groundwater flow wvelocity under diffuse Darcian
. conditions. The horizontal flow paths were chosen to obtain a
range of values for flow in a number of directions. The choice
of deep flow paths is limited directionally due to the
-distribution ofideep :wells at’the site. ..The selected flow paths
do not suggest preferred flow paths. For horizontal flow
situations, the hydraulic gradient is a measure of the slope of

the potentiometric surface of the groundwater within an aquifer.
It is defined as:

(13)
where:
dh = difference in.pntentiumﬂtric head between twe

points
dil = distance between the twoe points.
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* The gradients that were obtained along the selected flow

..patha are presented in Table 7-1.

The vertical flow cqmpuhant has been inferred to be very
low. The Phase II Groundwater Quality Assessment for the Weldon
Spring Chemical Plant, Raffinate Pits and Vicinity Properties
(MKF and JEG 198%a) suggeste that there is poor communication
between tho upper and lower portions of the agquifer. This
inference is based on vertical distributions of contaminants.

Algo, results of the pumping test at the PW-2 network showed that
.0B2J did not respond to pumping. 7This indicatad that there ie

little or no communication between the upper (weathered) and
lower ‘(competent). portions of the aquifer. '

Observed hydraulic gradients at well pairs exhibited a range
of values from approzimately 0.6 for MW-2018 and MW-2019 to 0.0039
for MP#-3006 and MW-3003. This range of observed gradients, a&long

-+»with the.lack cf.reaponsafin:DBEJ.ﬂuring~pumping, probably

reflects the limitations of an egquivalent porous medium approach,

where diffuse flow, occurring within fine fractures, and a strong

horizontal anisotropy inhibit wertical flow which can be assessed
through Darcian principles. Some variation in vertical gradient
may be due to the relative proximity cof the varions well pairs to
widely spaced vertical fractures. Distributiens of contaminant
levels in paired deep and shallow wells do not corrslate well
with values of observed hydraulic gradients. For exampls, the
vartical gradient between MW-3003 and MW-3006 is 0.009, which
suggestes relatively good hydraulic communication. However,
nitrate concentrations reported in the 198% Annual Site ' _
Environmental Report (MEKF and JEG 19%0b) ranged. from 312,000 mg/l
to 1,885 mg/l for MW=-3003, The range for nitrate in MW-3006

-during the same time period was 188.0 mg/l to undetected which,

- aguicex/jed/jor - 95

LT R SR



96 o . of/pof/zezT00N

rrarpnbe ynyoeg-ucabujiang eqy Jo toTirod sadesp agy ur gaud AOTS s
*gzef Aq ATATITOM ‘R/IF FO 93TUND O3 AJT00TEA OO JILAUSD SL

£0-44° % oAt G Zo-E¥ L Z0-E5 ¢ Z-3s1 »2PIDZ-MK QL BTOT-MN

TO-E0"8 it 4 S In-ZF T To-2z"1 1 i L »eIT0T-MH OL SODE-MH
T0-E% ¥ m-IZ°T Io—-Zr-1 TO=HG'E ZO-HZ"F . ZEQP=MH OL STOZ-KH
Z0-2E*€ Z0-§2'Z ZOo-R3°¥ : ZO-EI'E £-d0-5 TIOF-MN 0T AZE0
TO-ES"1 To-EsL ' To-Z3"9 ) fO-FLf TO-H5"T LIQY=MK OL £TOI-NH
ZO-Z5* 9 Nn__uu.n.n TO-EE"D TO-E5°¢ ED-3S"L TODZ-MH o3 E00E-MN
ABTHIGAH AOTH PUE IRATOR AaTIIGAH WO POV JEMRCE JUSTERIN yjud AOLI
s {ppu) EyjooTap  JuaurT abwasawy (p/u) E3japsoupuod IFT0W-IRAE oTInRIpig

ANIFAPUNAID o ®STFO00TAA TNSUTT abuZaay GUTITOESY puUR S3TITATIOOPUS] OF[UNAPEAE puR gpuafpeis aj{neipdy I-; STHVL

DESTTT




L1LE90

on the basis of contaminant distribuﬁiun,'suggests poor hydraulic

... communication.

7.2 Groundwater Velocities
7.2.1 Results

Determination of effective porosity from the tracer test data
allows for the calculation of natural average linear groundwater

i+ ygloeities, 7ZThe average linear velocity is determined using

Darcy's law in the form:

Wy ¢
n
(14)
where:

v = average linear groundwater velocity
K = hydraulic conductivity
i = hydraulic gradient
n = effective porosity (0.007 as determined from tracer

teats)

Groundwater velocities were calculated for the five potential
"flow paths described above. These fiaw paths refer to the path
that a molecule of water fellows from point A to point B assuming
an equivalent porcus medium appreach; they do not account for
velocity ancmalies due to free flow conditions (heterogeneities),
or horizontal anisotropy (i.e. the-calculation assumes a
homogeneous isotropic flow media). Figure.7-1 shows the selected
shallow flow paths and Figure 7-2 shows -the deecper flow paths.

agnifer/|ed/ ok a7
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Average hydraulic conductivities of wells along the selected flow
.pathe were used. Values of the hydraulic gradients and hydraulic
conductivities and the resulting velocities along each flow path
are presented in Table 7-1.

Using hydranlic conductivities determined by the Bouwer and
Rice method, average linear wvelocities ranged from a ninimm of
(3.022 m/day {0.072 ft/day) between OB2F and MW-4021 to a maximum
of 6.12 m/day {0.39 ftfdayj betwaen MW-2018 and MW-4022. Using

- - hydraulic conductivities determined by the Hvorslev method,

average linear wvelocities ranged from a minimum of $.033 m/day
(0.11 ft/day) between OB2F and MW-4021 to a maximum of 0.14 m/day
(1.40 ft/day) between MW-2018 and MW-4022.

7.2.2 Discussion

To verify the values of average linear vélacity presented in
-"Section 7.2.1 and the underlying assumption that Darcian diffuse
flow principles can be applied to assess contaminant transport, a
comparison of calculated travel times to observed contaminant
distribution can be made. Using the concentrationa of nitrate

- along the flow path from MW-3003 to MW-2002 as praesentad in the
Phase II Groundwater Quality Assesament for the WSCP/WSRP/WSVP
(MEF and JEG 19B5a), a travel time of about 30 years can be used
to delineate the time since raffinate wastes were first
introduced inte the helding pits. Seepage rates for the
raffinate pits (BNI 1986) and iscpach thicknesses for the
overburden of 12 m {40 ft) were used to calculate a wvelocity and
travel time, assuming a hydranlic gradijent of 1, and a porosity
of 0.36 (BNI 1%87).

The calculated travel time for nitrate to reach the phreatic
--gurface is about 13.5 years, without taking into. account initial - .

aquifer/icd/ of 100
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-unsaturated flow which would conceivably lengthen travel time.

-~ Thig. leaves a balance of 16.5 years for contaminants to reach

their present- distribution. The estimated travel time for flow. -

r

from the middle of Raffinate Pit 3, the approximate center (and
source) of the nitrate plume, to MWN-2002, near the edge of the
plume, is abont 21 years using average hydraulic conductivity

. values obtained along the flow path between MW-3003 and MW-2002. .

Combining the time required for nitrate to reach the phreatic -
surface and the time required for the plume to reach i{ts present

-t horizontal extent yields a total estimated travel time of about

- 35 years. While these values are admittedly only rough

-.,

estimates, the fact that they are fairly close corrcborates the

calculated values:for hydraulic conductivity (Section 6.1) and

average linear wvelocity (Section 7.2.1).

From Table 7-1 it can be peen that the calculated velocities
in the flow paths in the deeper porticn of the Burlington-EKeokuk

. »are-riot substantially,; lower, as might be expected for flow in the

nnweathered bedrock, than-the wvelocities calculated for the
shallower flow paths. This is probably because observed

- gradients between the deep wella imply the existence of a direct

lateral comnection, which may not be the case. In fact flow
pathe in the shallow and deep portions of the aguifer are
probably not linear as assumed in the derivation of horizontal
hydraulic gradients, but probably exhibit some degrea of

. . tortuosity which would result in lower hydraulic gradients and

velecities. Therefore, the velocities presented in Section 7.2.1
represent maximum average linear velocities.

Conduit flow is considered to be limited tc the highly
permcable portion of the weathered Burlington-Keokuk Formation.
No effort was made In this stndy to determine conduit flow
velocities., However, results of surface injection dye tracing
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studies conducted by the Missouri Department of Natural Resources

....ooindicate that dye lost to condult flow in the subsurface had flow
‘velocities ranging :from 0.4- to 0.7-m/min (1.5 to 2.2 ft/min)
(MEF. and JEG 1385Db). :

- agquifer/ jodsjor 102
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8 FINDINGS AND CONCLOSIONS

Eindings'ﬂnd.conciusions resulting from glug .tests, pumping
tests, and tracer tests performed to characterize the shallow
Mississippian-Devonlan agquifer in the vicinity of the WSS are

presented

below.

B.1 Findings

8.1.1- Slug Tests

The average hydraulic conductivity value for all wells

tested wag 7.4E=02 m/day as determined by the Hvorslev

technique and 9,6E-02 m/day as determined by the Bouwer
and Rice method. '

Piezometer GT-58P yielded the maximum value for

- hydraulic conductivity, which was 3.9 m/day as

determined by the Bouwer and Rice method.
Groundwater welocities calculated using hydraulic
conductivity data obtained using the Hvorslev method

yielded an average value of 1.8 x 10 m/day.

Groundwater velocities calculated using hydranlic

. gonductivicty data obtained using the Bouwer and Rice

agaifear/jcd/Iok

method yielded an average value of 1,1 x 10" m/day.
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-8.1.2 Pumping Tests

Mean transmissivity values were determined to be 2.34E-
06 m2/s {16.3 gpd/ft) for PW-1, 5.74B-06 m2/s (39.9 gpd
ft) for PW-2 and 2.23E-06-uw?/s (15.5 gpd ft) for PW-3.

The averagea storativity determined by pumping tests was
4 L] BE_ﬂ4 [

Hantugh analysis ylelded maximum apparent
transmissivity tensor orientations of N72°W for PW-1,;
H10°W for PW-2, and NI2°E for PW-3.

Comparison of maximm and minimum tranemissivity values
yvielded anisotropy ratios of 2:1 for PW-1 and PW-2, and

.3.5:1 for BEW=2,.

:+ .+ The radius eof-influence:due to pumping is, generally,
.approximately 60 m (200 ft}. However, along the line

of 0BlG, DB1H, and OB1I, the prolected distance to zaro
drawdown was 275 m {900 ft}.

Hydraulic conductivity values determined from pumping

teasts averaged 2.3E-02 m/day foxr PW-1, 4.9E~02 m/day
for PW-2 and 3.1E-02 m/day for PW-3.

B.1.3 Tracer Tests

o

-aguirer/ieca/int

Effective porosities determined by tracer tests ranged
from 0.002 to Gfﬂ15.

104

VORI



111850

o Dispersivity wvalues determined by tracer tests ranged
from 8.98~03 m for PW-3 (bromide) to 4.3E-02 m at PW-2
{chloride}.

o Breakthrough curves for tracersg did not exhibit double
porosity effects.

8.2 Conclusions

- - Results of slug tests, puﬁping testsa, and tracer teats
conducted at the Weldon Spring site (WSS) have yielded valuable
information abont the shallow bedrock aguifer underlying the
site, The results presented hersin represent a substantive body
of data which will be useful for remedial planning, assessing
aquifer restoration alternatives, feasibility assessments and/or
further monitering programs, and groundwater modeling. With |
these applicationg in miﬁd, the following conclusions are
offered:

o The agquifer of concern at the Weldon Spring site, is
composed of saturated rocks of the Burlington-Keokuk
Limestone which constitute the upper portion of the

. Misgisgippian-Devonian aguifer. The aguifer of concern -

is a heterogeneous anisotropic medium which can be
described in terms of diffuse Darcian flow overlain by
high porosity discrete flow zones and conduits.

o Pumping and tracer tests did not intercaﬁt free flow
zones or. -conduits capable of supplying sustained pump
discharge yields in excess of approximately 1.5 '

liters/minute (0.4 gpm}).

o .. Slug teats performed on wells GT-5BP, MW-4014, and -
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MW-4013 had higﬂ_hyﬂraulic conﬂuctivity values relative

"to the average which was 9.6E-02 m/day (Bouwer and Rice

Method) foxr all welle tested. These valuse are
considered to be representative of discrete flow in the
fractured and weathered zcnes found in the upper
Burlington-Keokuk Limestcone-and indicate .
heterogeneities within the upper Hississippian-nevunian
aquifer.: Aquifer heterogeneity. in the horizontal plane
is believed to be distributed randeomly and is a

:function of fracture spacing, solution woids, and
preglacial weathering phenomena. %The relatively high

hydranlic conductivities that may be encountered in

‘deeper portions of the. aquifer (e.g., MW-3006 with a

hydrauliec conductivity of 2.3E-01 m/day} are
thought to be due to the presence of widely spaced

fractures.

Piezometer. GT=58P is a good.location in which to

consider an additional pump test because it has the
highest hydraulic cenductivity value of all wells
testaed. All indications suggest that flow at this
location is discrete and, as such, sustained yields may
be substantially in excess of rates required for the
pumping tests addressed in this report (0.75-1.5

Results of pumping tests indicate a primary lateral
anisotropy and poor hydraulic communication between the .
pumped interval and deeper portions of the Burlington-
Keokuk; thuse, there is not likely to be significant
upward leakage. |
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Calculated grnundwﬁter velocities and travel times

.-appear to be .consistent with observed contaminant

aqmifer/jod Ao

distribution due to diffuse Darcian flow, although flow
pathe may exhibit nonlinear aspects résulting in
significant variations in velocity.

Limited evidence of delayed yield such as that obsarved
near PW=-1 may indicate double porosity effects.

. Resulte of pumping tests, tracer tests, and slug tests

indicate limitations to an assessment of hydrologic
phenomena within the Burlington-Keokuk Limestone using
an 2quivalent porous mediuvm approach. Additional
pumping tests of high hydraulic conductivity features
guch as GT-50P may provide insight toward how
haterogeneous features influence the saturated zone .

107



111590

| 9 REFERENCES

‘Allan, J.N., 1987. Letter to R. Nelson, U.S. Department of

Energy, Weldon Spring Site Remedial Action -Project. Subject:
Falling Head Permedbility Tests. June 26.

Bear, J., 1972. Dynamics of Flulds in Porous Media. BAmerican
Elsevier, New York, New York.

Bechtel National, Inc., 1984. @Geclogic Report Weldon
Spring Raffinate Pits Site. DOE/OR/20722-6. HNovember.

Bechtel National, Inc., 1986. Report on Water Balance Studies
from 1983 to 19285 Weldon Spring Raffinate Pits.
DOE/OR/20722-94. March.

Bechtel Mational, Inc., 1987. Hydrogeclogical Characterization
Report for Weldon Spring Chemical Plant. DOE/OR/20722-137.
July.

Berkeley Geosciences Associates, 1984. Characterization and
Assesgment for the Weldon Spring Quarry Low-Level
Radivactive Waste Storage Site. DOE/OR/853. September.

BGA, see Berkeley Geosclences Assoclates

S BHI} 889 Bachtel. Hatiﬂ'nﬂl: Inc.

Bouwer, H., 1989. The Bouwer and Rice Slug Test - An Update.
Groundwater, Volume 27, No. 3 pp. 304-309.

Bouwer, H. and R.C. Rice, 1976. A Slug Test for Datermining
Hydraulic Conductivity of Unconfined Aquifers with
Completely or Partially Penetrating Welle. Water Resources
Research, Volume 12, No. 3. Juna. :

Cooper, H.H., Jr. and C.E. Jacob, 1946. A Generalized Graphical
Method for Evaluating Formation Constants and Summarizing
- -Wellfield History. - Transactions, American Geophysical
Tnicn. Voluma 27, No. 4.

Pa, see U.S5. Department of the Army
Dean, T.J., 1983. Groundwater Tracing Project, Weldon Spring
Area, St. Charles County, Misaouri. Misscuri Department of

Natural Resources, Division of Geoclogy and Land Survey.
December.

aqui far/jod/ jaf 108

Tk Moo T TN



111690

. Dgan,' T.J., 1984a. Groundwater Tracing Project, Weldon Spring

. Area, Interim Report, Part One. Missouri Department of
. 'Natural Resources, Diviaion of Geology and Land Survey, April
24. ' -

Dean, T.J., 1984b. Groundwater Tracing Project, Weldon Spring
Area, Interim Report, Part Two. Missouri Department of
Hatural Rescurces, Divizion of Geology and Land Survey,
November 2.

Dean, T.J., 1985. Groundwater Tracing Project, Weldon Spring
Area, Interim Report, Part Three. Miesouri Department of
Natural Resources, Division of Geology and Land Survey, April
9. :

Driscall, P.G., 1%86. Groundwater and Wells. Johnson
Filtration Systems, Inc., St. Paul, Minnesota.

Eardley, A.J., 1951, - Structural Geology of North America.
Second Edition. Harper and Row.

Earth Scientiats, Ing., 1985, Summary of Pumping Test Results
and Evaluaticn; Wells 1, 2, and 3. Weldon Spring,
Migsouri. Subcontract No. 3589-SC-WP088.

ES5I, sec Earth Scientists, Inc.

Fetter, C.W. Jr., 1980. Applied Hydrology. Merrill Publishing
Ca. Calumbus, Dhio. : '

Freeze, R.A. and J.A. Cherry, 197%9. Groumdwater. Prentice-Hall
Inc. Englewcod Cliffs, New Jersey.

Hantush, M.S. and R.G. Thomas, 1966. A Methed for Analyzing a
Drawdown Test in Anisotropic Aquifers. Water Rescurcaes
Research. Volume 2, pp. 281-285.

Howe, W.B. and G.E. Heim, 1968. ‘The Farrelview Formation

- {Pleistocene)} of Misaouri, Report of Investigation No. 42.
State of Missouri, Department of Businsssz and
Administration, Division of Gaological Survey and Water
Resources. Rolla, MO. .

Hvorslev, M.J., 1951, Time Lag and Scil Permeability in
Groundwater Observations. U.S. Army Corps of Engineers
Waterways Experiment Station Bulletin No. 36, Vicksburg,

- Mipsigsippi.

. squoifer/]cd/iof 109



L— . T R R i e

1116450

Javandel, I., C. Doughty, and C.F. Tsang, 1984. Groundwater
“Trangport: Handbook of Mathematical Models. Water
Resources Monograph Series 10. BAmerican Gaophypical Union,
Washington, D.C.

Kleeschulte, M.J. and L.F. Emmett, 1986. Compilation and
Preliminary Interpretation of Hydrologic Data for the Weldon
Spring Radicactive Waste Disposal Sites. U.S. Geological

- Survey Water Resources Investigations Report B5=-4247.

Kleeschulte, M.J. and L.F. Emmatt, 1987. Hydrology and Water
Quality at the Weldon Spring Radiocactive Waste Disposal
. 8ite, S5t. Charles County, Misscuri. U.S. Geclogical Survey
. Water Resources Investigatlons Report 87-41£95.

Eleeschulte, M..J. et al. 1986. Hydroclogic Data for the Weldon
‘Spring Radicactive Waste Disposal Site, St. Charles,
Missouri, 1984-=1986. U.S. Geologically Survey Open File
Report 86-488. =

Migsouri Department of Natural Resources, 198%. Pirst Annual
Report on the Shallow Groundwater Investigations at. Weldon
Spring, Hlssourl.

MKF and JEG, see MK-Fergquson Company and Jacobs Engineering Group

- ME-Ferguson Company and :Jacobs Engineering Group, Inc., 19B7.
' Determination of Maximum Earthquake for Weldon Spring
Disposal ¥Facility.

M- Ferquson Company and Jacobs Engineering Group, Inc., 1988a.
Radiclogic Sampling Repulte and Needs for the Southeast
Diveraion Dike Interim Regponse Acticon. January.

M-K Ferguson (Company and Jacobs Engineering Group, Inc., 1%88b.
Hydrogeologic Investigation Sampling Plan. DOE/OR/21548-
020. ZRovember.

M=K ‘Ferquson Company-and Jaccebs Engineering Group, Inc., 1989a.

Phase II Groundwater Quality Assessment for the Weldon
Spring Site Chemical Plant, Raffinate Pits and Surrounding
Vicinity Properties, Revision B. DOE/QR/21%48-078. August.

'M-K Ferguson Company-and Jacobs Engineering Group, Inc., 1989b..

Draft: Remedial Investigation Report. Volume 1, Revision
B. DOE/OR/21548-074. September.

agquifar/{ea/ Aot 110




1iie6a

iH—K Fergusnn Company and Jacobs Engineering Group, Inc., 1990.

: . Dxaft: Suitability of the Weldon Spring Site for Potential
.Ioocation of a Disposal’ Facility, Revision A. DOE/OR/21548-
102. January.

ME-Ferguson Company and Jacobs Engineering-Group, Inc., 19%90b.
Annual $ite Environmental Monitoring Report 1989 for the
Weldon Spring Site Remedial Action Project. DOE/OR/21548-
123. May.

Oak Ridge National Laboratcry, 1%988. Work Plan for the Remedial
Investigation/Feasibility Study-Environmental Impact
Statement for the Weldon Spring Site. DOE/OR/21548- ﬂ33.
August.

ORNL, see Oak Ridge National Laboratory

Roberts, C.M. 1951. Preliminary Investigation of Groundwater
Occurrences . in the Weldon Spring Area, 5t. Charles County,
Missouri. USGS. December.

UNC Geotech, 1988. Radiologic Characterization of the Weldon
Spring, Missouri, Remedial Action Site. February.

U.S5. Department of the Army, 1976. Assessment of the Weldon
‘Spring Chemical Plant in St. Charles County, Missouri.
© March.

Whitfield, J.W., K,G. Brill, Jr,, and W.J. Frummel, 198%9.
Geologic Map of the Welden Spring 7 & 1/2" Quadrangle, St,
Charles County, Missouri. OFM-89-252-(GI. Missouri
Department of Natural Resources, Division of Geology and
Land Survey. Rolla, MQ.

aquifar/jed/iot 111




DISTRIBUTION LIST

The Honorable Gerald Ohlms (w/c encl.)
Presiding Commissicner

Et. Charles County Courthouse

118 North Secocnd Street

St. Charles, Missouri 63301

Mr. Dan Wall (3 copies)

Superfund Branch

U.5. Envirecnmental Protectinn Agency
Region VII

726 Minnesota Avenue

Kanzasg City, FKansas 66101

Mr. Steve Iverson, Project Hanaqar
. Superfund Branch

U.S. Army Corps of Engineers
Kansas City District

601 Easi 12th Street

KEansas (City, Missouri 64106

ATTN: CEMREED-TD

Mr. Karl J. Daubal

s Enviromnmental Coordinator
Weldon: Spring Training Area -
7301 Highway 94 South

St. Charles, Migsouri 63303

Mr. Ali Alavi
Project Manager

-U.5. Army Toxic & Hazardous Materials Agency

ATTN: CETHA-IR-A
Building E4435

Aberdeen Proving Ground, Maryland 21010-5401

Mr. Dan Bauer

U.5. Department of Interior
Geological Suarvey, Mail Stop 200
1400 Independence Road

Rolla, Missouri 65401

Dr. David E. Bedan {3 copies)

Division of Envircnmental Quality
Migsouri Department of Natural Resources
Post Office Box 176

Jefferson City, Missouri 65102

aguiFer/jdc/jof

111690

Crew rRyToLowR
sl e



11iash

Mr. William Dieffenbach, Supervisor
- Envirocmmental Sexrvices

- Migsouri- Department of Conservation
Post DOffice Box 180

- Jefferson City, Missouri 65102-0180

Mr. Daryl Roberis, Chief

Burean of Environmental Epidemiology
Migscuri Department of Health

Post Office Box 570

Jefferson City, Missouri 65102

Decontamination and Decommissioning Division
Qffice of Environmental Restoration

1.5. Department of Energy

1595%01 Germantown Road

. Germantown, Maryland 20545

Mr, William Adams, EW-90 (w/0 encl.)

Acting Assistant HManager for Environmental Restoration &
Waste Management :

Oak Ridge Operations Qffice

U.5. Department of Energy

Pogt Qffice Box 2001

Oak Ridge, Tennessee -37831-8541 ,

Mr. Peter J. Gross, SE-=31 (3 copies)

Director of Envirommental Protection Division
Dak Ridge Operations Offica

U.5. Department of Energy

Post Qffice Box 2001

ODak Ridge, Tennessee 3I78311-8738

Mr. J.D. Berger

Oak Ridge Associated Universities
230 Warehouse Road

. Bullding 1916-T2

- Dak Ridge, Tenncssee 37830

Kisker Road Branch

St. Charles City/County Library
1000 Kisker Road

St. Charles, Missouri 63303

Spencer Reoad Branch

St. Charles City/County Library
425 Spencer Road

5t. Peters, Missouri 63376

agqulfer/idc/iar



Mr. Rcbert Shoewe, Principal
Francis Howall High School

- 7001 Highway 94 South

St. Charles, Missouri .63303

Eathryn M. Linneman Branch _
St. Charles City/County Library
© 2323 Elm Street

5t. Charles, Missouri 63301

Administrative Record {2 copies)
ME-Ferguson Company

729% Highway 94 South

8t. Charles, Missgouri 63303

Mr. Park Owen (2 copies)

Remedial Action Program Information Center -
Oak Ridge Wational Laboratory
‘Martin-Marietta Energy Systems, Inc.

Post Office Box 2008

Oak Ridge, Tennessee 37831-6050

Distribution (2 copies)

Office of Scientific and Technical Information
U.S. Department of Energy

. Post Qffice Box 62

"Dak Ridge, Tennessee 37830

Dr. Margaret MacDonell (3 copies)

Energy and Envirommental Systems Division
Argonne National Laboratory

9700 South Cass Avenune, Building 362
~Argonne, Illinois 604395

Mr. Stanley M. Remington
Consulting Hydreclogist

2524 Westminister Drive

5t. Charles, Missouri 63301

Dr. John Oldani

Francis Howell High School
7001 Highway 94 South

8t., Charles, Missourl 63303

aquirer/jacsiot

111&30




	Aquifer Characteristics Data Report for the Weldon Spring Site Chemical Plant, Raffinate Pits and Vicinity Properties. Revision 0 is dated November 1990. DOE/OR/21548-122. 
	Abstract
	Table of Contents
	Introduction
	Geologic Setting
	Hydrogeologic Setting
	Investigation Procedures
	Methods of Analysis
	Results and Discussion
	Flow Dynamics
	Findings and Conclusions
	References
	List of Figures
	List of Tables


